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SECTION  1 


INTRODUCTION 


Most  of  the  power  tools  in  use  by  Navy  divers  are  powered  by  positive  displacement  oil 
hydraulic  motors.  Dual  hoses  supply  and  return  pressurized  hydraulic  oil  from  a  power  supply  located 
on  a  surface  support  craft  to  the  tool  in  the  divers  hand.  These  tools  have  greatly  increased  the  diver's 
capabilities  and  effectiveness  to  perform  assigned  tasks.  As  with  most  any  system  selected  for  use  in  the 
ocean,  oil  hydraulic  systems  have  disadvantages,  some  of  which  are:  ( 1 )  leakage  of  working  fluid  con¬ 
taminates  the  environment,  (2)  leakage  of  seawater  into  the  system  readily  damages  precision  com¬ 
ponents,  (3)  from  the  diver  standpoint,  the  need  for  two  hoses  burdens  tool  handling  in  areas  where 
heavy  surge  and  strong  currents  exists,  and  (4)  logistics  problems  are  created  by  shipping  large  quan¬ 
tities  of  oil.  The  use  of  filtered  seawater  in  place  of  hydraulic  oil  eliminates  most  of  the  disadvantages  of 
oil  hydraulic  systems. 

A  relatively  compact  and  efficient  hydraulic  motor  capable  of  operating  with  pressurized 
seawater  as  the  working  fluid  has  for  some  time  been  considered  the  missing  link  in  seawater  tool 
development.  The  desired  physical  and  operational  requirements  for  such  a  motor  are  summarized  in 
Table  1 .  A  summary  of  past  efforts  to  develop  seawater  motors  is  contained  in  Reference  I .  The  major 
obstacle  to  the  successful  development  of  seawater  motors  has  been  the  selection  of  materials  for 
motor  components  to  operate  under  both  the  harsh  mechanical  environment  internal  to  the  motor  and 
the  low  lubricity,  low  viscosity  and  highly  corrosive  nature  of  the  seawater  working  fluid. 

Based  on  these  requirements  a  comprehensive  analysis  of  the  mechanical /chemical  re¬ 
quirements  of  components  of  positive  displacement  motors  was  conducted  under  contract  to  the  U.S. 
Navy  Civil  Engineering  Laboratory  (CEL)  in  1977.  It  is  described  in  detail  in  Reference  2.  As  a  result  of 
this  analysis  and  a  series  of  materials  screening  tests,  the  study  concluded  that  materials  are  available 
(see  Table  2)  to  meet  the  requirements  of  heavily  loaded  critical  motor  components  in  both  double  en¬ 
try  vane  and  piston  motors.  In  the  context  of  overall  suitability  to  seawater  operation  (including 
matching  operational  requirements  as  stipulated  in  Table  I,  complexity,  solutions  to  material 
problems,  life  cycle,  ruggedness,  fabricability,  and  other  factors)  top  rating  was  given  to  the  develop¬ 
ment  of  the  double  entry  vane  type  motor. 

PROGRAM  OBJECTIVE 

Following  completion  of  the  materials  study  for  seawater  hydraulic  tool  motors,  CEL  con¬ 
tracted  the  Oceanic  Division  of  Weftinghouse  Electric  Corporation  to  develop  and  evaluate  an  ex¬ 
perimental,  seawater  hydraulic  motor.  Conforming  to  the  findings  of  the  materials  study,  CEL 
selected  a  positive  displacement,  double  entry,  vane-type  motor  operating  in  an  open  circuit  mode.  In 


1 .  S.  A.  Black,  “Preliminary  Analysis  of  Seawater  Hydraulic  Tool  Motors”,  TM  43-77-06,  December 
1976. 

2.  "Material  Study  for  High  Pressure  Seawater  Tool  Motors”,  Contract  Report  No.  CR  78.012, 
Mechanical  Technology,  Inc.  (MTI)  Latham,  NY,  April  1978. 
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this  mode,  the  working  fluid  had  to  he  exhausted  at  an  outlet  port  on  the  motor  and  not  relumed 
directly  to  the  supply  pump,  as  is  the  ease  with  oil  hydraulic  tools.  The  use  of  a  fluid  other  than 
seawater  for  power,  lubrication,  etc.  was  not  allowed. 

The  physical  and  operational  characteristics  cited  in  l  able  I  are  intended  to  be  practical,  yet 
span  the  motor  requirements  of  a  variety  of  diver  tools.  Thus,  the  development  of  the  demonstration 
motor  need  not  be  complicated  by  additional  requirements  unique  to  a  particular  tool.  The  power  level 
sought  is  ample  for  most  diver  hand  tools,  and  the  si/e  and  weight  are  compatible  with  the  need  to  be 
ultimately  handled  by  a  diver.  Requiring  low  How  rates  and  efficiency  comparable  to  that  of  an  oil 
hydraulic  motor  is  intended  to  minimi/e  the  si/e  and  stiffness  of  the  motor  supply  hose. 

I  hc  purpose  of  this  development  program  was  to  demonstrate  that  not  only  are  the  materials 
needed  for  such  a  motor  available  but  also  the  design  technology  required  is  within  the  state-of-the-art. 
Moreover,  proving  in  laboratory  tests  that  a  seawater  hydraulic  motor  can  provide  performance 
equivalent  to  that  ol  an  oil  hydraulic  motor  helps  demonstrate  that  seawater  powered  hydraulic  tools 
for  divers  the  ultimate  goal  of  this  program  can  be  successfully  developed. 


Tablet.  Desired  Motor  Characteristics 


Feature 

Contract 

Ob|ectlve 

Power  (HP) 

Speed  (RPM) 

Overall  Efficiency  (%) 
Supply  Pressure  (PSI) 
Flow  Rate  (OPM) 
Submerged  Weight  (Lb) 
Volume  (In.5) 

Operational  Life  (Hrs) 
(With  Sparing) 

>3 

1,000  - 15,000 
>70 
>1,000 
<10 
<15 
<50 
—50 

fable  2.  Recommended  Materials  for  a  Seawater  Vane  Motor 


Component 

First  Choice 

Alternate 

Shaft 

Inconel  625 

Inconel  625 

Sleeve  Bearing 

Torton  4301/Nltronic  50 

Torton  4301/Nltronic  50 

Vanes 

Torton  4301/Nltronlc  50 

Tungsten  Carblde/NItronlc  50 

Rotor 

Inconel  625 

AljO/Inconel  625 

Ring  Track 

Inconel  625 

AI,0,/MP35N 

Thrust  Mates 

Torton  4301/Nltronic  50 

Torton  4301/Nltronic  50 
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SCOPE  OF  WORK 


To  show  that  a  seawater  hydraulic  vane  motor  having  a  useful  operating  life  could  be 
developed,  Westinghouse  was  required  to  first  conduct  a  comprehensive  preliminary  design  and 
material  analysis.  The  primary  purpose  of  preliminary  design  was  to  establish  motor  characteristics,  to 
determine  material  requirements,  to  investigate  techniques  for  reduction  of  bearing  and  vane  tip  loads, 
and  to  select  materials  for  use  in  motor  design  and  fabrication.  In  essence,  the  motor  characteristics 
which  affected  material  requirements  had  to  be  established. 

Then,  using  this  information  and  the  data  from  the  earlier  materials  study,01  as  background, 
Westinghouse  was  required  to  define  material  requirements  for  the  motor  components  and  to  select 
candidate  materials.  For  component  areas  where  material  data  were  insufficient,  material  tests  which 
closely  represented  the  loading  and  motion  expected  within  the  motor  were  required.  The  purpose  of 
this  effort  was  the  selection  of  materials  for  the  demonstration  motor. 

Upon  completion  of  the  preliminary  design  steps,  Westinghouse  was  required  to  prepare  a 
detailed  motor  design  and  build  and  evaluate  the  motor.  As  shown  in  the  next  section,  virtually  all  of 
the  design  effort  was  actually  accomplished  during  the  preliminary  design  and  materials  selection 
stages  of  this  project.  As  shown  earlier  in  Table  1 ,  the  design  life  of  the  motor  was  to  be  SO  hours.  A 
demonstration  test  lasting  five  hours,  of  which  at  least  I  /  2  hour  was  at  maximum  power,  completed 
this  phase  of  development. 

REPORT  ORGANIZATION 

Section  1  has  defined  the  scope  of  work  that  was  required  to  be  accomplished  by  this  project. 
How  that  work  was  done  is  described  in  Section  2.  That  section  covers  the  details  of  the  preliminary 
design  effort  and  selection  of  materials  for  the  motor.  Materials  selection  was  a  two-step  process,  in 
which  material  candidates  were  first  identified  by  matching  known  material  characteristics  to  re¬ 
quirements  defined  during  preliminary  design.  Then  a  final  selection  was  made  via  actual  tests,  which 
are  described  in  Section  5. 

The  program  through  these  initial  selection  tests  and  life  tests  is  identified  in  this  report  as 
Phase  I.  At  the  conclusion  of  this  phase,  it  became  apparent  that  additional  improvement  in  motor 
performance  could  be  achieved  through  a  modest  extension  of  the  initial  program.  The  improvement 
program  is  identified  in  this  report  as  Phase  11. 

Details  of  the  motor  which  ultimately  evolved  are  contained  in  Section  3.  Section  4  discusses 
the  test  program  and  test  results.  Finally,  Section  5  states  the  significant  results  of  the  whole  program 
and  recommends  several  continuation  projects  which  are  logical  sequels. 

To  keep  the  reader  from  becoming  lost  in  detail  in  the  main  body  of  this  report,  ample  use  has 
been  made  of  appendices. 


3.  Ibid 
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SECTION  2 


DEVELOPMENT  APPROACH 


As  indicated  in  Section  I ,  Westinghouse  was  contracted  to  develop  and  evaluate  an  open  cir¬ 
cuit,  balanced,  vane-type  hydraulic  motor  using  seawater  as  the  working  fluid.  In  designing  such  a 
motor,  three  characteristics  of  seawater  (see  Table  3)  presented  major  technical  problems  not  en¬ 
countered  when  a  more  traditional  petroleum-based  hydraulic  fluid  is  used.  Seawater  causes  corro¬ 
sion;  oils  retard  it.  Seawater  is  a  poor  lubricant,  while  oils  are  quite  good.  Worse  yet,  seawater  has 
much  lower  viscosity  than  oils,  which  means  that  to  achieve  equivalent  volumetric  efficiency,  the 
design  clearances  of  a  seawater  system  must  be  an  order  of  magnitude  smaller  than  those  found  in  an 
oil  system. 

As  shown  in  the  next  section  of  this  report,  the  solution  to  the  corrosion  problem  was  to  use 
materials  which  are  inherently  corrosion  resistant.  This  often  meant  that  costly  materials  and  difficult 
machining  problems  had  to  be  faced.  Solution  of  the  lubrication  problem  required  the  selection  of 
materials  which  exhibit  low  friction  and  wear  when  moving  relative  to  each  other  in  a  seawater  en¬ 
vironment.  The  very  nature  of  a  vane  motor  helped  resolve  the  smaller  clearance  issue,  for  its  vanes  are 
self-adjusting  at  their  tips.  The  selection  of  self-adjusting,  flexible  sideplates  also  helped  minimize  the 
number  of  areas  in  which  the  tight  running  clearances  had  to  be  achieved  through  high  precision 
machining. 

The  selection  of  suitable  combinations  of  materials  was  basic  to  the  solution  of  each  of  these 
three  problems.  With  this  in  mind,  Westinghouse  undertook  the  development  program  depicted  in 
Figure  1.  (The  four  steps  in  Figure  1  should  be  viewed  only  as  the  four  basic  program  tasks;  they  arc 
only  broadly  indicative  of  task  sequence,  for  the  tasks  are  strongly  interrelated.) 


Table  3.  Technical  Obstacles 


•  Low  Lubricity 

•  CorrodvwMM 

•  Low  VteeooKy 


PRELIMINARY  DESIGN 

To  improve  the  possibility  of  attaining  the  contract  objectives,  Westinghouse  set  for  itself 
design  goals  which  are  more  stringent  than  the  technical  goals  of  the  contract.  The  relationship 
between  them  is  depicted  in  Table  4.  As  shown  therein,  a  higher  output  power  goal  was  set,  but  the 
iverall  efficiency  desired  of  the  motor  was  not  relaxed.  To  ease  pressure-velocity  (PV)  loading  on 
tarings,  vanes,  and  other  moving  parts,  relatively  low  motor  speed  and  water  supply  pressure  were 
chosen.  Likewise,  a  compact  and  relatively  lightweight  motor  was  specified  at  the  outset.  Selection  of 
:uch  design  goals  forced  development  of  a  motor  whose  characteristics  are  as  close  to  those  needed  for 
.» seawater  hydraulic  tool  motor  as  could  then  be  anticipated. 


2-1 


Development  of  the  preliminary  design  for  the  motor  was  then  relatively  straightforward 
analytical  engineering.  (Details  of  this  design  process,  along  with  pertinent  calculations,  are  contained 
in  Appendices  B  and  Moreover,  details  of  the  motor  itself  are  described  in  the  next  section  of  this 
report.)  The  process  itself  is  iterative,  i.e  .perlormancecalculationsforthcinitialdesignledtoarevi- 
sion  of  that  design  to  more  closely  meet  the  design  goals  which  had  been  set  earlier.  This  process  is 
iterative  in  a  macroscopic  as  well,  for  considerable  modifications  to  the  design  of  the  motor  were  made 
as  a  result  of  actual  motor  test  performance.  Tor  these  reasons,  the  development  sequence  illustrated  in 
Figure  I,  while  generally  correct,  is  not  precise. 

Among  the  results  of  preliminary  design  is  the  lacl  that  the  compactness  of  this  motor  resulted 
in  relatively  high  tip  loading  of  its  vanes.  At  maximum  power,  the  theoretical  PV  value  of  a  vane  tip 
can  be  as  high  as  7.000,000  psi  x  fpm;  however,  wear-in  was  expected  to  reduce  that  maximum  value  to 
approximately  3.270.000  psi  x  fpm.  This  relatively  high  maximum  loading  level  enhances  the  versatili¬ 
ty  of  the  motor  as  a  materials  test  bed  for  its  allows  a  wide  PV  operating  range,  a  characteristic  whose 
importance  is  explaned  below. 


Table  4.  Westinghouse  Design  Goals 


Feature 

Contract 

Objective 

c 

®  — 
:s 

O  0 

Power  (HP) 

>  3 

4 

Speed  (RPM) 

1,000  -  15,000 

1,500 

Overall  Efficiency  (%) 

>70 

70 

Supply  Pressure  (PSI) 

>1,000 

1,500 

Flow  Rate  (GPM) 

<  10 

6.1 

Submerged  Weight  (Lb) 

S15 

5 

Volume  (In.1) 

^  50 

20 

Operational  Life  (Hrs) 

(With  Sparing) 

>50 

50 

Establish  Component 
Requirements 


Select  Materials 


Design  Motor 


Build  And  Test  Motor 


f  igure  I.  Development  Program 


MATERIALS  SELECTION 


The  selection  of  materials  for  the  motor  was  a  two-step  process.  First,  materials  which  had 
characteristics  which  seemed  suitable  for  each  of  the  motor  components  were  identified  and  ranked  in 
order  of  preference.  This  process  is  described  in  detail  in  Appendix  A.  Basically,  though,  materials 
data  were  obtained  from  the  final  report  of  the  aforementioned  materials  study,141  from  materials 
suppliers,  from  seawater  systems  manufacturers  and  users,  and  from  Westinghouse’s  own  experience. 
These  were  compared  to  component  material  requirements  which  evolved  during  preliminary  design. 

Table  5  lists  the  more  important  parameters  which  were  used  to  isolate  the  materials  which 
would  actually  be  tested  later.  In  contrast  to  the  criteria  used  during  the  earlier  study,  this  list  is 
relatively  brief;  however,  it  does  contain  those  items  critical  to  the  selection  of  satisfactory  materials. 

Notably  missing  from  this  list  is  wear  rate.  Analysis  had  shown  that  few  materials  would  be  re¬ 
jected  due  to  unsatisfactory  wear  rate  for  a  motor  which  had  a  life  expectancy  of  50  hours.  Thus,  wear 
rate  was  excluded  from  the  selection  criteria  so  attention  could  be  focused  on  chacteristics  more 
critical  to  the  success  of  this  motor. 

Material  availability  was  considered  as  important  to  the  success  of  this  project  as  the  listed 
technical  items.  Indeed,  as  indicated  later,  some  otherwise  desirable  materials,  such  as  Stellite  6B,  were 
eliminated  from  consideration  because  they  could  not  be  obtained  in  a  reasonable  time. 

A  list  of  the  materials  which  were,  at  this  state,  most  preferred  for  the  components  of  the  motor 
are  indicated  in  Table  6.  Generally  speaking,  preference  increases  as  one  moves  toward  the  left  of  this 
table. 


The  second  step  of  materials  selection  was  the  test  evaluation  of  candidate  materials  from  Table 
6.  Here,  a  problem  was  foreseen,  viz.,  that  tests  usually  employed  for  screening  materials  might  not  be 
sufficiently  representative  of  the  operating  conditions  which  later  would  be  actually  encountered  in  the 
motor.  Figures  2  and  3  suggest  the  reason. 


Table  5.  Material  Selection  Criteria 


•  High  Corrosion  Resistance 

•  Low  Friction 

•  Availability 

•  Mechanical  Strength 

•  Low  Swelling 


4.  Ibid 
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lahlc  6.  Preferred  Materials 


End  Pieces 

Inconel  625 

Titanium  6  At  -  4  V 

Ring  Track 

Inconel  625 

Stellite  6B 

Titanium  6AI  -  4V 

Inconel  718 

Rotor  And  Shaft 

Inconel  625 

Titanium  6AI  -  4V 

Side  Plates 

Torlon  4301 

Metcar  M-271 

Vespel  SP-1 

Torlon  4275 

Vanes 

Torlon  4301 

Metcar  M-271 

Vespel  SP-1 

Torlon  4275 

Ryton  R4 

UHMW  Polyethylene 

Bearings 

Torlon  4301 

Metcar  M-271 

Vespel  SP-1 

Torlon  4275 

Springs 

Elgiloy 

MP35N 

17-7  PH 

Fores 


Force 


Figure  3.  Complex  Motion  in  a  Motor 

Wear  rates  and  coefficients  of  friction  are  commonly  measured  for  materials  pairs  using  one  or 
both  of  the  methods  depicted  in  Figure  2.  A  pin  made  of  one  of  the  two  materials  being  evaluated  is 
forced  against  an  oscillating  plate  or  the  edge  of  a  rotating  disk,  using  loads  and  speeds  appropriate  to 
the  test  conditions.  These  are  very  good  screening  tests,  but,  as  shown  in  Figure  3,  they  are  not 
representative  of  some  of  the  motions  encountered  in  a  hydraulic  vane  motor.  There,  one  might 
observe  that  the  relationship  of  the  illustrated  shaft  and  journal  bearing  is  similar  to  that  of  the  pin  and 
disk  of  Figure  2.  A  similar  relationship  does  not  exist  between  the  vane  tips  and  the  ring  track  (not 
shown)  it  follows,  for  the  cam-like  shape  of  the  track  causes  cyclic  variation  in  contact  area  on  the 
vanes.  Moreover,  the  vane  wobbles  back  and  forth  in  its  slot  as  pressure  is  applied  first  to  one  side  and 
then  the  other,  thus  superimposing  a  rolling  motion  of  the  tip  on  the  track.  Tests  which  better 
represented  such  complex  motion  were  felt  needed. 

Tests  which  more  closely  represent  the  environmental  conditions  within  the  motor  were  also 
needed,  for  those  of  Figure  2  cannot  be  used  to  identify  conditions  which  might  cause  precipitation  of 
inorganic  scales  from  seawater.  Lastly,  experience  has  shown  that  corrosion  rates  in  seawater  vary 
considerably  with  water  velocity;  a  test  which  would  indicate  abnormally  high  corrosion  rates  under 
normal  motor  running  conditions  would  be  very  desirable. 

Westinghouse’s  common  solution  to  all  of  these  problems  was  to  use  the  motor  itself  as  the 
material  test-bed.  That  meant  that  the  motor  design  had  to  allow  ready  substitution  of  components 
made  of  different  materials.  As  shown  in  Section  3,  the  motor  design  is  well  suited  for  this  use. 

MOTOR  DESIGN  MODIFICATIONS 

During  early  stages  of  development  of  hydraulic  vane  motors,  vane  instability  is  frequently 
observed.  This  phenomenon  is  characterized  by  oscillation  of  the  vanes  against  the  ring  track.  It  has 
various  causes,  such  as  (1)  water  hammer  (described  later)  and  (2)  improper  balance  of  the  forces 
which  hold  the  vanes  against  the  track  and  those  which  tend  to  depress  them.  Such  instability  usually 
occurs  as  supply  pressure  is  increased,  and  it  sets  the  upper  limit  at  which  a  motor  so  affected  can  be 
driven.  Thus,  vane  instability  can  seriously  limit  the  torque  and  power  which  a  motor  can  produce. 
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\  ane  instability  can  be  readily  detected,  lor  it  produced  a  loud,  low  frequency  knocking  sound 
which  closely  resembles  that  of  a  jackhammer.  Its  effect  can  be  devastating  to  the  components  of  a 
vane  motor. 

\  ane  instability  was  encountered  during  development  of  this  motor,  and  Westinghouse  used  a 
variety  <.l  means  to  control  it.  V-shaped  notches  were  cut  into  the  leading  and  trailing  edges  of  water 
supp! .  and  exhaust  ports  to  reduce  water  acceleration  into  and  out  of  the  power  chamber  between  the 
va.ies  and  thereby  control  water  hammer.  Both  the  leading  and  trailing  edges  of  the  ports  supplying 
high  pressure  water  beneath  the  vanes  were  extended  to  increase  the  rotational  angle  through  which 
hydraulic  pressure  is  used  to  force  the  vanes  outward.  By  altering  pressure  distribution  between  the 
sideplatex  anil  rotor,  such  actions  also  increased  water  leakage  away  from  the  base  of  the  vanes.  Conse¬ 
quently  .  they  produced  only  moderate  improvements  in  motor  performance,  and  sometimes  they  were 
actually  counterproductive. 

1  he  most  productive  design  alterations  were  the  shift  from  single  to  double  springs  for  each 
vane,  shimming  the  vane  springs,  widening  the  clearance  between  the  vanes  and  their  slots,  and  in¬ 
creasing  sideplate  stiffness.  The  first  two  alterations  increased  and  better  balanced  the  outward¬ 
pushing  spring  force  on  the  vanes.  I  he  widened  clearance  provided  an  alternate  high  pressure  water 
path  to  the  base  of  the  vanes  to  increase  vane  force  without  adversely  affecting  leakage.  Increased 
sideplate  stiffness,  which  resulted  from  an  increase  in  thickness,  helped  better  control  leakage  between 
the  rotor  and  the  two  sideplates.  As  shown  in  Figure  4.  such  changes  resulted  in  progressively  im¬ 
proved  motor  performance. 

Vs  indicated  earlier,  this  motor  also  served  as  the  test  bed  for  material  ev  aluation.  A  description 
of  the  developed  motor  is  the  subject  of  the  next  section  of  this  report,  and  detailed  drawings  of  it  arc 
contained  in  Appendix  I). 


SECTION  3 


MOTOR  DESIGN  DESCRIPTION 


GENERAL  DESCRPITION 

The  seawater  motor  is  shown  assembled  in  Figure  5  and  partially  disassembled  in  Figure  6. 
Figure  7  shows  critical  parts  after  the  motor  was  disassembled  to  replace  springs  during  its  50-hour 
test. 


The  motor  was  the  result  of  an  extensive  development  program,  the  sequence  of  events  for 
which  is  shown  by  Figure  8.  The  sequence  shows  an  iterative  design  process  with  testing  to  determine 
the  merit  of  each  design  modification,  as  described  earlier.  The  preliminary  design  calculations  and 
related  design  considerations  are  contained  in  Appendices  B  and  C. 

The  seawater  motor  is  a  hydraulic  vane-type  with  pressure  balanced  rotor  and  sideplates.  It  is 
lubricated  only  with  the  solid  surfaces  of  its  components  and  the  filtered  seawater  used  to  power  it. 
Physical  and  operational  characteristics  of  the  model  are  given  for  two  test  conditions  in  Table  7. 

Features  of  the  developed  model  are  listed  in  Table  8.  The  first  three  features  are  requirements 
specified  by  CEL.  Several  of  the  features  are  unique  design  concepts,  and  others  are  interim  design 
concepts  such  as  the  four  supply  ports  and  four  return  ports.  In  a  future  model,  there  will  no  doubt  be 
compact  internal  manifolding  with  one  supply  port  and  dirt-excluding  return  ports  venting  directly  to 
the  ambient. 

OPERATION 

The  motor  operates  in  the  same  general  manner  as  an  oil  hydraulic  vane  motor.  The  fluid 
(seawater)  entering  the  supply  ports  flows  through  internal  porting  to  apply  high  pressure  across  the 
vanes.  The  vanes  follow  and  seal  against  a  ring  track  with  a  major  and  minor  diameter.  Pressure  drop 
across  vanes  on  the  major  diameter  produces  torque  on  the  rotor  and  output  shaft.  The  rotor  rotates  as 
high  pressure  fluid  forces  the  vanes  circumferentially  away  from  the  high  pressure  port  and  toward  the 
low  pressure  port.  The  high  pressure  flow  enters  the  space  between  the  rotor  and  ring  track  at  the 
ramps  where  the  vanes  follow  the  ring  track  from  the  minor  to  major  diameter.  The  low  pressure  flow 
exits  the  space  between  the  rotor  and  ring  track  at  the  ramps  where  the  vanes  follow  the  ring  track  from 
tne  major  to  minor  diameter.  The  low  pressure  fluid  then  flows  through  internal  porting  and  out  the 
return  ports.  The  ramp  shape  is  an  approximation  of  a  cycloidal  shape  tangent  to  the  minor  and  major 
diameter  surfaces  of  the  ring  track. 

VANE,  SIDEPLATE,  AND  BEARING  DETAILS 

Among  the  most  critical  components  in  the  seawater  motor  are  the  vanes.  The  vanes  must  slide 
against  the  ring  track  with  high  velocities  and  high  tip  stresses  in  seawater,  a  fluid  with  poor  lubricity. 
The  vanes  are  also  subjected  to  high  side  stresses  in  bending  and  compression  when  they  have  a  high 
pressure  drop  across  them  and  are  sliding  on  the  major  diameter  of  the  ring  track.  They  must  operate 
with  reasonably  low  wear,  friction,  leakage,  and  chance  of  brittle  failure.  In  addition,  the  vanes  must 
r.ot  be  forced  away  from  the  ring  track  in  spite  of  high  pressure  forces  at  the  vane  tip  and  some 
r  ;ar  the  base  of  the  vane  between  the  rotor  and  sideplates. 


3-1 


4-18 

TEST 


CODE 


MOST  SIGNIFICANT  IMPROVEMENT 
SIGNIFICANT  IMPROVEMENT 
NO  SIGNIFICANT  improvement 


\ 


r 


•0S36KI 

FigwreS.  Model  Development  Sequence  With 
Significant  Change*  and  improvement* 

3-5/3* 

t 

f 


•? 


Table  7.  Physical  and  Operational  Characteristics 


Table  8.  Features  of  Phase  I  Developed  Model 

•  Vane  type  hydraulic  motor  -  to  minimize  wear  effects  on  performance. 

•  No  lubricants  other  than  filtered  seawater  and  solid  surfaces  of  components;  to 
reduce  hazards. 

•  Pressure  balanced  rotor  -  to  minimize  bearing  load,  friction,  and  wear. 

•  Vanes  spring  loaded  and  pressure  loaded  against  the  ring  track  -  to  allow  operation 
over  a  wide  range  of  pressures. 

•  Pressure  balanced,  flexible  bearing  material,  end  plates  -  to  minimize  leakage  and 
damage  from  contamination,  misalignment,  and  expansion.  Also  to  minimize 
friction  torque  loss  and  act  as  a  limited  thrust  bearing  for  motor  shaft  axial  loads. 

•  Grooves  in  end  plates  and  sleeve  bearings  directing  filtered  seawater  past  bearing 
surfaces  -  to  cool,  help  lubricate,  and  carry  contamination  particles  away  from  the 
surfaces. 

•  Dirt  seal  on  shaft  -  to  exclude  dirt  from  the  motor  when  it  is  not  running. 

•  Four  inlet  and  four  outlet  ports  -  for  easier  modifications  during  engineering  model 
development. 

•  Small  size  per  displacement  ratio  -  to  minimize  size  and  weight. 

•  Design  based  on  properties  of  the  best  recently  available  bearing  material  com¬ 
binations,  as  indicated  by  tests  at  WEC  and  MTI  -  to  maximize  performance  and 
life. 


To  minimize  wear  at  the  tip  of  the  vane,  the  tip  shape  has  a  symmetrical  radius  as  large  as  the 
maximum  slope  of  the  ramps  would  permit.  Also  the  material  for  the  vane  was  selected  based  on  its 
high  strength  and  low  modulus  of  elasticity,  friction  coefficient,  and  wear  rate.  The  material,  Torlon 
427S,  was  proven  in  recent  tests  to  be  the  best  material  for  bearings  operating  in  seawater  at  high  PV 
values.  The  low  modulus  of  elasticity  along  with  large  tip  radius  minimizes  the  Hertz  stress  at  the  tip. 
Wear-in  also  helps  reduce  Hertz  stress  by  making  the  vane  tip  conform  to  the  ring  track. 

There  is  a  tendency  for  the  vanes  to  be  forced  away  from  the  ring  track  by  high  fluid  pressures 
acting  over  part  of  the  vane  tip  and  by  low  pressure  at  the  base  of  the  vane  caused  by  leakage  away  from 
the  base  between  the  rotor  and  sideplates.  To  reduce  this  tendency,  a  vane  design  was  conceived  with  a 
high  pressure  leakage  path  from  near  the  vane  tip  to  its  base.  The  leakage  path  results  from  clearance 
grooves  and  slots  on  the  side  of  the  vane  (see  Figure  9).  The  leaning  of  the  vane  also  reduces  the 
pressure  force  on  the  tip  of  the  vane  because  the  high  pressure  acts  over  a  smaller  area  at  the  tip. 

Although  flexible  sideplates  have  been  used  before  with  vane  pumps,  the  flexible  sideplates  in 
this  motor  are  novel  in  that  they  have  critical  pressure  balance  areas  and  flexibility  range  to  allow  them 
to  act  as  thrust  bearings  as  well  as  practical  dynamic  seals. 

Radial  grooves  in  the  sideplates  (see  Figure  6)  act  as  seawater  flow  paths  to  help  lubricate,  cool, 
and  carry  contamination  particles  away  from  the  sideplates.  Axial  grooves  are  located  in  the  shaft 
sleeve  bearings  to  help  lubricate,  cool,  and  carry  particles  away  from  the  sleeve  bearings.  Lubricating 
seawater  in  the  flow  paths  originates  at  the  inner  return  ports  in  the  sideplates,  flows  radially  inward 
through  the  grooves  in  the  sideplates,  flows  axially  outward  through  the  grooves  in  the  shaft  sleeve 
bearings,  then  flows  out  of  the  motor. 

MATERIALS 

Critical  components  and  their  preferred  materials  are  listed  below. 


Components 


Material 


Vanes  ( 10  each) 
Springs  (20  each) 
Rotor 
Ring 

Side  Plates  (2  each) 
End  Pieces  (2  each) 
Bearings  (2  each) 

Dowel  Pins  (2  each) 


Torlon  4275 
Elgiloy 
Inconel  625 
Inconel  625 
Torlon  4275 
Inconel  625 
Torlon  4301 
(Torlon  4275  Preferred) 
Case  Hardened  Steel 
(Inconel  718  Preferred) 


These  materials  were  selected  for  their  high  resistance  to  corrosion,  reasonable  probability  of  long 
wear,  low  coefficient  of  friction,  and  availability.  A  detailed  discussion  of  the  material  selection 
process  is  included  in  Appendix  A. 
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During  our  preliminary  material  selection,  delivery  time  of  Torlon  4275  in  sheet  form  for 
sideplates  and  vanes  was  estimated  to  be  too  long  for  use  in  this  contract.  As  a  result,  in  the  early  stages 
we  selected  the  more  available  alternate,  Torlon  4301,  as  a  candidate  material.  WEC  had  successfully 
used  Torlon  4275  in  rod  form  for  turbine  and  pump  sleeve  bearings  in  another  development  effort,  the 
hydraulic  heater.  Compared  to  Torlon  4301,  tests  at  Amoco  Chemicals  Corporation  and  WEC  in¬ 
dicated  Torlon  4275  used  against  Inconel  625  in  seawater  would  have: 

•  a  lower  coefficient  of  friction 

•  a  lower  wear  rate 

•  a  higher  operating  PV  value 

•  a  slightly  lower  strength,  and 

•  a  slightly  greater  modulus  of  elasticity. 

Midway  in  the  development /test  program,  Torlon  4275  sheet  became  available  and  the  change 
from  Torlon  4301  to  4275  was  made  for  vanes  and  sideplates.  The  result  was  lower  wear  rate  of  the 
vane  tips  and  sides  and  higher  output  torques  for  the  same  operating  pressure,  indicating  less  friction 
at  the  vane  tips.  End  plates  of  4275  resulted  in  a  lower  wear  rate  and  less  leakage  and  a  wider  operating 
range  of  pressure  and  flow.  Part  of  the  reason  for  these  increases  was  that  the  Torlon  4275  end  plates 
were  intentionally  made  about  twice  as  stiff  by  increasing  plate  thickness  from  0. 1 50  to  0. 1 80  inch  and 
relying  on  the  slightly  higher  modulus  of  elasticity.  Slight  wear  patterns  on  the  sideplates  and  good 
motor  performance  over  a  wide  range  of  operating  pressures  and  flows  indicate  sideplate  stiffness  is 
about  optimum. 
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SECTION  4 


TEST  PROGRAM  AND  RESULTS 


As  indicated  earlier,  the  motor  itself  was  designed  to  be  used  as  the  materials  test  bed.  It  was 
mounted  for  this  purpose  in  a  test  system  which  is  described  in  detail  in  Appendix  E.  With  this  test 
setup,  water  under  controllable  pressure  and  flow  rate  was  pumped  from  a  large  (approximately  800- 
gallon)  tank  to  the  test  motor  via  a  water  supply  manifold.  Water  exhausted  from  the  motor  was 
returned  directly  to  the  tank  via  a  short  gap  open  to  the  atmosphere. 

The  test  motor  was  directly  coupled  to  an  ordinary  oil  hydraulic  vane  pump  which  served  as  the 
load  for  the  motor.  This  pump  was  mounted  in  a  gimballed  stand  which  allowed  the  output  torque  of 
the  motor  to  be  monitored  electrically.  The  magnitude  of  the  load  presented  by  the  pump  was  varied  by 
throttling  the  pump  output.  Motor  speed  was  monitored  with  a  strobe  light. 

MATERIALS  EVALUATION 

The  intent  of  the  materials  test  program  was  to  evaluate  the  materials  which  were  identified  in 
Table  6  to  have  highest  potential  for  satisfactory  performance  in  this  motor.  The  combination  which 
produced  the  best  motor  performance  (i.e.,  highest  output  power)  would  then  be  subjected  to  a  50- 
hour  test  to  assess  life  expectancy. 

Figure  E-l  (see  Appendix  E)  indicates  the  motor  configurations  which  were  planned  for  evalua¬ 
tion.  The  planned  sequence  was  from  top  to  bottom  in  that  table,  the  most  promising  material  com¬ 
binations  being  first  listed.  Unavailability  of  several  listed  materials  and  schedule  constraints  led  to 
curtailment  of  some  of  these  tests.  Nonetheless,  the  necessary  materials  evaluation  tests  were 
successfully  completed. 

During  the  selection  tests,  the  material  combinations  listed  in  Table  9  were  actually  evaluated. 
The  sequence  in  which  these  tests  were  performed  was  shown  earlier,  in  Figure  8.  Pertinent  results  are 
shown  in  Table  10,  where  the  data  are  related  to  the  Figure  8  tests  via  the  common  test  date.  In  all,  over 
twenty  hours  of  actual  motor  running  time  were  used  to  conduct  these  tests,  and  they  clearly  showed 
the  material  combination  of  the  next  to  last  column  of  Table  9  to  be  superior.  This  combination  was 
selected  for  a  50-hour  life  test. 

50-HOUR  OPERATING  TEST 

The  50-hour  test  was  conducted  in  a  manner  similar  to  those  just  described.  The  principal 
cifferences  were  that  synthetic  seawater,  rather  than  fresh  water,  was  used  as  the  hydraulic  fluid  and 
retailed  measurements  of  motor  components  were  made  at  5-hour  intervals.  The  test  was  run  only  dur¬ 
ing  the  normal  working  day,  with  no  special  attempt  being  made  to  purge  the  motor  of  seawater  during 
c  uiescent  periods.  In  fact,  the  motor  was  intentionally  left  filled  with  seawater  over  one  nonoperating 
weekend  during  this  test  to  encourage  corrosion. 
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Table  9.  Materials  Evaluated 

Material  Combination 
Selected  For  Life  Te*t 


£ 


End  Ptecee 

Inconel  625 

Inconel  625 

Inconel  625 

Inconel  625 

Inconel  625 

Ring  Track 

Inconel  625 

Inconel  625 

Inconel  625 

Inconel  625 

Inconel  525 

Rotor  And  Shaft 

W! 

S 

• 

c 

1 

Inconel  625 

inconel  625 

Inconel  625 

Inconel  628 

Side  Platte 

Torton  4301 

Metcar  271 

Metcar  271 

Torlon  4275 

Torton  4275 

Vanee 

Torlon  4301 

Torlon  4301 

Torlon  4275 

Torton  4275 

Torlpn  4275 

Bearing* 

Torlon  4301 

Torlon  4301 

Torlon  4301 

Torlon  4301 

Torton  4301 

Spring* 

Elglloy 

Ellglloy 

Elglloy 

Elglloy 

17-7PH 

Table  10.  Material  Evaluation  Test  Results 


TEST 

DATE 

SUPPLY 

PRESSURE 

(psi) 

SUPPLY 
FLOW  RATE 
(gpm) 

MOTOR 

SPEED 

(rpm) 

MOTOR 

TORQUE 

(in./lb) 

OUTPUT* 

POWER 

(hp) 

418 

470 

6.2 

1200 

39 

0.74 

4/24 

515 

6.0 

1180 

56 

1.05 

4/25 

135 

5.7 

1500 

12 

0.29 

4/30 

740 

6.2 

1480 

66 

1.55 

5/1 

780 

6.2 

1360 

93 

2.01 

5'? 

560 

6.2 

1420 

61 

1.37 

5/11 

1100 

6.2 

800 

128 

1.62 

5/14 

1100 

6.2 

1000 

112 

1.78 

5/15 

900 

6.2 

1320 

98 

2.05 

5/16 

1200 

6.2 

1260 

134 

2.68 

5/25 

570 

6.0 

1540 

46 

1.12 

6/  I  1 

600 

6.0 

1450 

53 

1.22 

6/ 15 

1300 

6.0 

1055 

122 

2.04 

6/ 22  A 

1500 

5.7 

1170 

156 

2.90 

6/29 

1200 

5.85 

1200 

141 

2.68 

7/16 

1200 

5.85 

1240 

144 

2.83 

7/17 

1500 

5.65 

1150 

176 

3.21 

•Output  powers  are  maximum  hp  for  test  date. 
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Component  Wear  (50-Hour  Test) 

The  50-hour  test  was  designed  to  determine  component  failures  and  wear  at  operating  pressure 
of  300, 600, 900, 1200,  and  1500  psi,  and  at  an  operating  flow  of  about  6gpm.  Component  failures  in¬ 
cluded  those  of  springs  and  one  vane.  Appreciable  component  wear  was  noticed  only  on  vanes  and 
sideplates,  and  some  surface  roughness  noted  on  the  ring  track  and  rotor  ends. 

Wear  and  spring  break  patterns  on  critical  components  are  shown  in  Figure  10.  A  close-up  view 
of  wear  and  damage  on  a  sideplate  and  vanes  is  shown  in  Figure  1 1 . 

Elgiloy  spring  failures  shown  in  Figure  1 0  occurred  shortly  after  5  hours  of  testing.  The  nonduc- 
tile  type  breaks  normally  occurred  between  the  spring  holes  in  the  rotor  and  vanes,  indicating  that  the 
spring  is  more  highly  stressed  in  this  region.  The  springs  also  show  wear  marks  where  they  rub  against 
the  outer  side  of  the  hole  in  the  rotor. 

Analyses  and  measurements  Indicate  the  cause  of  spring  failure  is  cyclic  fatigue  in  the  more 
highly  stressed  region  of  the  spring.  The  higher  stress  is  attributed  to  friction  force  added  to  the  normal 
compression  force,  plus  bending  stresses  caused  by  misalignment  between  the  spring  holes  in  the  vanes 
and  rotor.  Additional  friction  force  in  the  holes  is  also  attributed  to  axial  flow  of  water  from  under  the 
vanes,  pushing  the  springs  against  the  sides  of  the  holes. 

Vane  wear  is  most  appreciable  at  the  tip  and  on  one  side  as  shown  by  the  depression  on  the  vane 
at  the  far  right  in  Figure  1 1 .  After  44  hours  of  the  50-hour  test,  vane  tip  wear  was  about  0.001  inch  and 
the  vane  side  wear  was  about  0.003  inch.  Most  of  this  wear  occurred  in  the  first  hour  of  testing  and  dur¬ 
ing  the  last  4  hours  of  testing  at  1500  psi. 

The  vane  break  shown  in  Figure  1 1  occurred  after  44  hours  of  testing.  The  break  originated  at 
an  inside  sharp  corner  of  the  side  groove  of  the  vane.  This  is  a  stress  concentration  point  when  the  vane 
is  being  highly  stressed  in  bending.  This  failure  indicates  the  need  to  reduce  stress  concentration  by 
rounding  the  inside  corner  of  the  groove.  A  higher  strength  material  will  not  be  required. 

Side  plate  wear  was  a  maximum  of  0.0005  inch  at  the  long  shaft  (drive)  end  of  the  motor  and 
0.00 1 3  inch  maximum  at  the  short  shaft  end.  The  plate  for  the  short  shaft  end  is  shown  in  Figure  1 1 ;  it  is 
the  plate  that  restrains  considerable  axial  force  caused  by  the  shaft  coupling.  The  deep  gouge  damage 
shown  between  inner  supply  and  return  ports  occurred  about  5  hours  into  the  50-hour  test  when  a  piece 
of  wire  spring  broke  loose  and  wedged  between  the  rotor  and  side  plate  on  its  way  out  of  the  motor. 
The  gouge  and  wear  resulted  in  a  slight  decrease  in  motor  volumetric  efficiency,  but  not  enough  to  pre¬ 
vent  continuation  of  the  50-hour  test. 

Surface  roughness  on  the  ring  track  and  rotor  ends  appears  to  result  from  contamination  caus¬ 
ed  by  "knocking”.  Knocking  occurs  when  outward  force  on  the  vane  is  insufficient  to  keep  the  vane  tip 
in  contact  with  the  ring  track.  Water  leakage  past  the  opening  at  the  vane  tip  is  suddenly  shut  off  with 
another  vane  moving  into  the  leakage  path.  This  is  believed  to  cause  water  hammer  when  the  water 
travels  away  from  the  vane  forming  a  cavitation  bubble,  then  returns  to  the  vane,  collapsing  the  bubble 
and  causing  a  high  pressure  knock.  The  collapsing  cavitation  bubble  causes  the  very  high  local 
pressures  associated  with  cavitation  damage.  Cavitation  damage  particles  of  ring  track  material  are 
'hen  embedded  in  the  vanes  and  side  plates  causing  scoring  of  the  ring  track  and  rotor  ends.  Without 
.mocking,  the  vanes  tend  to  polish  the  ring  track,  even  at  1 500  psi  operating  pressures. 
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Motor  Performance 


Performance  checks  were  made  periodically  during  the  SO-hour  test.  Performance  is  sum¬ 
marized  by  the  curves  of  Figure  1 2.  The  sloped  curves  are  for  flow  vs.  motor  speed  and  the  nearly 
horizontal  curves  are  for  torque  vs.  motor  speed.  The  perfectly  straight  lines  are  theoretical  flow  and 
torque  curves  for  the  motor  with  100%  volumetric  efficiency  and  100%  mechanical  efficiency  respec¬ 
tively. 


Flow  curves  become  increasingly  higher  than  the  theoretical  flow  curve  as  pressure  increases  in¬ 
dicating  that  volumetric  efficiency  decreases  with  increased  pressure.  This  is  expected  since  leakage  in¬ 
creases  with  pressure.  The  leakage  is  not  greatly  affected  by  increased  shaft  speed,  which  indicates 
higher  flows  and  speeds  could  produce  higher  volumetric  efficiency. 

Torque  curves  fall  under  the  theoretical  torque  curves  for  various  pressures  indicating  less  than 
100%  mechanical  efficiency.  The  mechanical  efficiency  is  highest  at  the  higher  pressures  and  at  the 
higher  flows,  but  tends  to  level  off  at  the  highest  pressures  and  flows.  This,  along  with  the  shape  of  the 
flow  curves,  indicates  that  higher  power  output  and  slightly  higher  overall  efficiency  can  be  expected  at 
higher  flow  rates,  especially  if  the  pressure  is  limited  to  1200  psi. 

Test  data  during  the  last  two  days  of  the  50-hour  test  are  shown  in  Tables  1 1  and  1 2.  Table  1 1  is 
for  the  second  part  of  the  1 200-psi  test  and  includes  performance  checks  of  the  motor  at  lower 
pressures  and  flows.  Table  4-12  is  for  the  1500-psi  test  and  includes  two  performance  checks  at  1200 
psi.  Note  that  motor  speed  and  torque  increase  slightly  with  time  indicating  that  motor  wear-in  at  one 
pressure  and  flow  increases  both  volumetric  and  mechanical  efficiency. 

PARAMETRIC  ANALYSIS 

Test  results  showed  that,  upon  completion  of  the  just  described  50-hour  test,  the  motor  had  at¬ 
tained  nearly  all  performance  goals  set  by  the  contract.  Although  it  had  not  quite  met  the  goal  of 
producing  3  shaft  horsepower  at  70%  overall  efficiency,  it  had  come  close.  When  supplied  with  5.64 
gpm  of  seawater  at  1500  psi,  it  had  produced  3.2  horsepower  at  1 150  rpm  with  an  efficiency  of  65%. 
Likewise,  5.85  gpm  at  1200  psi  had  resulted  in  2.8  horsepower  at  1240  rpm  and  an  efficiency  of  69%. 
Analysis  suggested  that  these  figures  could  be  improved  by  operating  the  motor  at  higher  speed  than 
the  test  system  then  existing  permitted. 

Continuous  operation  had  been  limited  to  slightly  more  than  5  hours  by  spring  fatigue  failure 
and  to  45  hours  by  vane  breakage.  Yet,  both  of  these  constraints  could  be  corrected  without  difficulty. 
Spring  life  could  be  improved  by  reducing  spring  stress.  This  could  be  accomplished  by  such  actions  as 
lengthening  the  springs  and  deepening  the  spring  holes.  Vane  life  could  be  improved  by  reducing  stress 
concentration  at  the  edge  of  the  vane  groove,  and  that  required  only  a  minor  redesign  of  the  vane, 
rounding  the  groove  and  displacing  the  end  of  the  spring  hole  from  it. 

Such  improvements  were  subsequently  undertaken  in  an  extension  to  the  basic  program,  term¬ 
ed  Phi.se  1 1  development  in  this  report.  The  purpose  of  this  extended  effort  was  to  seek  improvement  in 
output  power,  efficiency,  and  life  without  otherwise  degrading  motor  characteristics. 

This  extension  is  described  in  detail  in  Appendix  F.  It  was  quite  successful  in  producing  the 
desired  results.  The  motor  operated  50  hours  without  failure,  and,  as  indicated  in  Table  13,  all 
technical  goals  of  the  contract  were  met.  Moreover,  as  Figure  1 3  illustrates,  wear  rates  of  the  vanes  — 
the  most  susceptible  component  to  wear  —  were  well  within  reason. 
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Figure  12.  Seawater  Motor  Test  Data 


Table  II.  Test  Data  for  50- Hour  Test.  1200  Psi  Part  2 
Test  Date:  16  July  1979.  Start  Time:  8:17  a.m. 


TIME 

PM.Psi 

N,  rpm 

r,  mni 

r,  in./lb 

COMMENTS 

8:30  AM 

6.0 

1200 

1235 

32.2 

145 

Water  Temp.  80°F 

9:25  AM 

5.95 

1200 

1240 

32.8 

148 

10:15  AM 

6.0 

1200 

1240 

33.0 

149 

10:52  AM 

5.95 

1200 

1245 

33.0 

149 

6.05 

900 

1310 

25.3 

112 

6.05 

600 

1355 

17.7 

75 

6.15 

300 

1500 

9.8 

39 

5.15 

135 

1630 

5.2 

21 

5.0 

115 

1335 

4.6 

18 

5.0 

300 

1220 

9.5 

38 

5.0 

600 

1075 

17.4 

74 

5.0 

900 

1035 

25.0 

110 

5.0 

1200 

1010 

32.3 

146 

4.0 

100 

1065 

4.2 

18 

4.0 

300 

935 

9.5 

38 

4.0 

600 

795 

17.5 

75 

4.0 

900 

7S5 

24.7 

109 

4.0 

1200 

700 

31.7 

143 

3.0 

90 

770 

4.0 

16 

3.0 

300 

620 

10.0 

40 

3.0 

600 

500 

16.9 

72 

3.0 

900 

464 

23.9 

105 

3.0 

1200 

395 

29.7 

133 

2.0 

90 

454 

3.8 

15 

2.0 

300 

221 

5.7 

27 

2.0 

*600 

- 

Stopped 

1 1 :32  AM 

5.9 

1200 

1220 

32.9 

148 

Water  Temp.  85°F 

12:15  I’M 

5.85 

1200 

1235 

33.3 

150 

12:43  I’M 

5.85 

1200 

1240 

33.5 

152 

12:18  PM 

5.85 

1200 

.1240 

33.5 

152 

Water  Temp.  87°F 

NOTH:  Torque  readings  are  8  in. /lb  too  high  because  of  oil  hose  torque. 
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Table  12.  Test  Data  for  50-Hour  Test,  1500  Psi  Part  1 
Test  Date:  17  July  1980,  Start  Time:  8:15  a.m. 


8:20  AM 
8:45  AM 
9:10  AM 


9:25  AM 
9:45  AM 
10:15  AM 
10:40  AM 


11:24  AM 
11:45  AM 
12:15PM 
12:20  PM 


VM,  gpm 

pM.  P« 

N,  rpm 

r,  min. 

r,  in./lb 

5.75 

1500 

1100 

38.8 

177 

5.75 

1500 

1125 

39.6 

182 

5.75 

1500 

1140 

39.6 

182 

5.8 

1200 

1225 

32.6 

5.0 

1200 

1000 

32.3 

5.0 

1500 

935 

39.1 

|  180 

4.0 

1500 

635 

37.7 

173 

3.3 

1500 

- 

- 

5.6 

1500 

1095 

39.8 

183 

5.65 

1500 

1120 

39.8 

183 

5.65 

1500 

1130 

40.0 

184 

5.65 

1500 

1130 

40.0 

184 

3.0 

1500 

960 

39.3 

181 

4.0 

1500 

670 

38.0 

174 

5.65 

1500 

1130 

39.3 

181 

5.6 

1500 

1140 

40.0 

184 

5.65 

1500 

1145 

40.0 

184 

5.65 

1500 

1150 

40.0 

184 

— 

1500 

— 

- 

- 

Stopped 

Water  Temp.  86°F 


Water  Temp.  88°F 

Water  Temp  90°F 
Stopped  Suddenly 


NOTE: 


Torque  readings  are  8  in./lb  too  high  because  of  oil  hose  torque. 
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Table  U.  Motor  Characteristics  Achieved 


Feature 

Contract 

Objective 

Dealgn 

Goal 

Actual 

Performance 

Power  (HP) 

>3 

4 

3.3 

Speed  (PPM) 

1,000  - 15,000 

1,500 

1,586 

Overall  Efficiency  (%) 

270 

70 

80 

Supply  Preeaure  (PSI) 

>1,000 

1,500 

1,000 

Flow  Rate  (QPM) 

<10 

5.1 

7 

Submerged  Weight  (Lb) 

<15 

5 

5 

Volume  (In.1) 

<50 

20 

23 

Operational  Life  (Hre) 
(With  Sparing) 

>50 

50 

50 

Figure  IJ.  Acceptable  Wear  Rates  When  Operating  Below  1200  Psi 
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SECTION  5 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  primary  purpose  of  this  project  was  to  prove  the  technical  feasibility  of  a  seawater 
hydraulic  vane  motor  through  laboratory  demonstration  of  a  working  motor.  To  this  end,  it  was  an 
unqualified  success.  The  results  show  unequivocally  that  materials  needed  for  such  a  motor  are 
available  and  that  the  design  technology  required  is  at  hand. 

The  motor  which  evolved  during  this  project  is  compact  and  light  enough,  even  at  this  early 
stage  of  development,  to  power  a  diver-held  tool.  Moreover,  it  can  rival  its  more  traditional  oil- 
powered  counterpart  in  output  power,  speed,  and  overall  efficiency.  It  has  shown  no  observable  signs 
of  corrosion,  and  wear  is  well  within  manageable  limits. 

Consequently,  Westinghouse  strongly  recommends  that  further  development  of  this  motor  for 
use  in  a  diver-held  tool  be  undertaken. 

We  have  noted  that,  although  it  fulfilled  all  contract  obligations,  life  expectancy  is  the  principal 
limitation  of  this  motor.  Its  components  have  not  failed  by  wearing  out;  instead  they  have  failed 
catastrophically  by  fatigue.  Dramatic  improvement  in  the  parts  so  affected  is  mandatory  if  a 
reasonable  improvement  in  motor  life  is  to  be  obtained. 

Success  to  the  contrary,  the  reader  should  note  that  the  scope  of  this  project  was  intentionally 
restricted.  Of  the  many  types  of  hydraulic  motors  known  today,  only  a  single  type  —  a  double  entry 
vane  motor  —  was  investigated.  We  believe  that  the  success  achieved  with  this  motor  suggests  that 
similar  success  might  be  achieved  with  other  types.  We  therefore  suggest  that  investigation  intended  to 
convert  other  types  of  hydraulic  motors  (and  pumps,  as  well  as  hydraulic  actuators)  to  use  seawater  as 
the  working  fluid  is  technically  warranted. 

The  scope  of  the  materials  evaluation  was  also  intentionally  limited  during  this  project.  The 
reason  for  this  was  that  a  comprehensive  materials  evaluation  program  could  not  have  been  under¬ 
taken  without  substantially  increasing  the  required  cost  and  schedule.  The  results  of  this  project  have 
confirmed  that  the  additional  effort  was  unnecessary,  even  though  a  better  combination  of  materials 
for  the  motor  might  have  been  discovered.  Nonetheless,  a  number  of  promising  material  candidates, 
such  as  those  listed  in  Table  14,  were  identified  both  in  this  project  and  the  one  which  preceded  it1'1.  We 
recommend  that  investigation  of  such  materials  for  use  in  seawater  hydraulic  systems  should  be  active¬ 
ly  pursued.  The  absence  of  such  information  can  only  inhibit  the  rapid  development  of  seawater 
hydraulic  power  systems. 


Table  14.  Materials  With  Potential 


I  • 

Chromium  Plating 

• 

Graphites  (Metallic  Filled) 

• 

Stellite  SB 

Ceramics 

• 

T1  -  8  A1  -  4V  (Hardened) 

• 

Ultra  High  Molecular  Weight  Polyethylene 

• 

MP38N 

• 

Vespel  8P-1 

• 

Inconel  718 

• 

Rtton  R4 

5.  Ibid 
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APPENDIX  A 


PRELIMINARY  MATERIALS  SELECTION  FOR  THE  SEAWATER  MOTOR 
A.l  Introduction  and  Background 

The  critical  materials  selection  problems  for  the  seawater  motor  are  those  concerned  with  the 
wear  surface  combinations:  vane/  ring  track,  side  plate/  rotor,  and  the  sleeve /  shaft.  The  other  areas  of 
the  motor  will  be  exposed  to  less  demanding  conditions  so  that  materials  requirements  are  less  restric¬ 
tive. 


An  important  fundamental  decision  on  materials  selection  was  made  early  in  the  program 
which  establishes  the  context  of  the  subsequent  discussion.  It  was  decided  that  the  wear  surface 
materials  combinations  would  comprise  a  metallic  material  vs.  a  relatively  soft  nonmetallic  material. 
This  type  of  combination  is  compatible  with  the  broad  conclusions  of  the  MT1  Report  and  has  been 
adopted  in  many  demanding  wear  surface  mechanisms  developed  by  Westinghouse  for  seawater 
applications.  Specifically  excluded  were: 

a.  Metal-to-Metal  Combinations.  Westinghouse  experience  and  the  MTI  Report  indicated 
that  these  combinations  would  be  unacceptable  because  of  high  wear  rate  and  high  coefficient  of  fric¬ 
tion. 


b.  Combinations  Involving  Hard  Ceramics.  These  materials  are  possible  candidates  for  the 
seawater  motor  but  were  considered  unsuitable  for  inclusion  in  the  short  time  frame  of  this  program. 
Design  with  these  materials  is  more  complicated  than  with  other  materials  and  the  possibility  of 
catastrophic  failure  (because  of  the  hard  and  brittle  character  of  the  ceramics)  appeared  greater. 
Machining  of  ceramic  parts  to  meet  the  schedule  also  appeared  to  be  a  problem. 

The  background  considerations  which  were  used  in  selecting  actual  materials  and  com¬ 
binations  for  the  critical  location  comprised: 

•  Data  contained  in  the  MTI  Report 

•  Materials  availability 

•  WEC  experience  with  marine  materials 

•  Discussion  with  pump  manufacturers  and  operators  of  seawater  handling  systems 

With  regard  to  the  latter  source,  an  especially  relevant  program  has  recently  been  carried  out  at 
NSRDC  (Annapolis).  In  that  program  a  vane  pump  has  been  modified  to  handle  seawater  and 
seawater-oil  mixtures.  Although  the  PV  conditions  for  the  NSRDC  pump  are  somewhat  lower  than 
for  the  prime  candidates  in  the  present  program,  the  conditions  are  sufficiently  similar  so  that  the 
results  represent  a  valuable  source  of  information  for  our  current  program.  Relevant  details  of  the 
NSRDC  pump  are  described  in  Section  A. 6. 

Before  proceeding  with  a  detailed  description  of  the  candidate  materials  combinations,  some 
comments  on  general  requirements  of  both  metallic  and  nonmetallic  materials  are  made. 
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A.2  General  Comments,  Metals 


Metallic  materials  were  considered  for  all  components  except  the  vanes,  side  plates,  and  bear¬ 
ing  sleeves.  These  materials  must  have  both  high  corrosion  resistance  in  seawater  and  good  friction 
and  wear  characteristics.  In  the  critical  parts  of  the  motor,  high  corrosion  resistance  must  be  main¬ 
tained  under  conditions  of  high  relative  water  motion  and  abrasive  contact.  The  material  must  also 
have  good  resistance  to  crevice  corrosion  and  pitting.  This  last  requirement  is  necessary  since  the 
motor  will  have  to  survive  storage  periods  between  uses,  during  which  time  some  residual  seawater  will 
remain  trapped  in  its  interior.  In  addition  to  high  corrosion  resistance,  the  material  for  wear  surfaces 
such  as  the  vane  track  and  the  bearing  must  also  have  good  friction  and  wear  characteristics  when  used 
in  combination  with  other  candidate  materials. 

When  the  above  requirements  are  considered  along  with  the  constraint  of  availability,  a  fairly 
small  number  of  candidate  materials  remain:  Inconel  62S,  Inconel  7 1 8,  certain  other  high  nickel  alloys, 
and  titanium  alloys.  After  also  considering  the  data  from  the  MTI  report  it  appeared  that  Inconel  625 
alloy  would  be  the  best  choice  as  the  prime  metallic  material.  The  MTI  results  showed  that  the  friction 
and  wear  performance  of  this  material,  when  used  in  combination  with  several  nonmetallics,  was 
slightly  better  than  the  other  metallic  materials. 

Backup  metallic  materials  were  felt  to  be  desirable  for  the  ring  track  and  were  selected  to  be 
harder  and  more  wear-resistant  than  the  Inconel  625  alloy,  since  there  was  some  concern  that  abrasive 
particulate  matter  would  inevitably  be  present  in  the  motor  (in  spite  of  filtration).  The  prime  backup 
material  was  Stellite  156,  applied  as  a  weld-overlay  to  an  Inconel  625  ring.  This  decision  was  made 
because  of  the  favorable  Westinghouse  experience  with  Stellite  in  various  seawater  mechanisms  as  well 
as  the  experience  of  NSRDC  in  the  seawater  pump  program.  MP-35N  alloy  was  another  possible 
backup  for  the  ring  track;  it  would  have  a  hardness  comparable  to  Stellite  but  the  fabrication  would  be 
simpler  since  overlaying  would  be  unnecessary.  Neither  Stellite  or  MP-35N  could  be  adopted  as  test 
candidates  because  of  lack  of  availability  within  schedule  constraints. 

Titanium  alloys  are  also  regarded  as  possible  materials  of  construction  and  may  become  very 
desirable  at  a  later  stage  in  motor  development  when  weight  reduction  becomes  important.  For  the 
ring-track  it  would  be  necessary  to  apply  a  hard  or  galling-resistant  finish  to  its  wear  surface.  Several 
coating,  conversion-coating,  and  anodize  type  finishes  have  been  developed  and  are  commercially 
available. 

Elgiloy  was  selected  for  the  vane  springs.  This  material  is  virtually  immune  to  seawater  corro¬ 
sion,  has  high  fatigue  strength,  and  is  used  extensively  for  high  performance  springs  which  must  func¬ 
tion  in  seawater. 

A.3  General  Comments,  Non-Metals 

Nonmetallic  materials  were  considered  as  candidate  materials  for  the  vanes  and  bearing  inserts. 

Chief  properties  which  were  considered  in  their  selection  were:  strength  (particularly  for  the 
vanes),  modulus,  thermal  expansion  coefficient,  and  compatibility  with  seawater.  Strength  is  impor¬ 
tant  in  determining  maximum  operating  pressure,  and  modulus  is  important  since  it  is  used  in 
calculating  anticipated  PV  conditions  and  distortions.  Thermal  expansion  data  and  seawater  absorp¬ 
tion  are  also  important  since  they  indicate  susceptibility  to  dimensional  change  during  operation  and 
the  possibility  of  seizing  up. 
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In  the  case  of  the  vane  material,  it  was  anticipated  that  considerable  wear  would  be  experienc¬ 
ed.  On  the  other  hand  it  was  decided  early  in  the  program  to  accept  relatively  high  wear  rates  on  these 
components  since  they  would  be  inexpensive  and  easily  replaceable.  Comparative  wear  rate  data  was, 
therefore,  assigned  a  relatively  low  priority  in  the  selection  of  vane  material. 

The  important  characteristics  and  properties  of  the  candidate  materials  are  summarized  in 
Table  A-l.  The  selection  procedure  could  not  be  made  on  entirely  quantitative  information  since  the 
complete  set  of  desired  data  has  not  been  determined  for  many  of  the  materials.  Furthermore,  much  of 
the  test  data  on  individual  materials  was  obtained  by  test  procedures  which  differed  between  vanous 
manufacturers.  For  this  reason,  the  selection  was  influenced  by  data  from  applications  in  which 
material  has  been  successfully  used  in  seawater. 

A.4  Candidate  Materials  Combinations 

Candidate  material  combinations  were  selected  by  two  rationales:  (a)  by  reference  to  the  com¬ 
parative  evaluations  contained  in  the  MT1  Report,  and  (b)  from  successful  application  experience  with 
seawater  mechanisms  using  materials  which  appeared  to  be  applicable  to  the  seawater  motor. 

Individual  metallic  and  nonmetallic  materials  were,  of  course,  subject  to  the  requirements  out¬ 
lined  in  Sections  A.2and  A. 3  for  use  in  seawater.  For  each  combination  the  PV  conditions  for  the  vane 
tips  were  calculated  as  described  in  Section  C.  The  calculations  showed  that  even  the  best  two  can¬ 
didate  combinations  yielded  initial  PV  values  of  7  x  106  and  23  x  106  psi  ft/min  at  the  vane  tips.  Such 
high  values  would  be  regarded  as  totally  unacceptable  in  most  applications.  On  the  other  hand,  the 
cooling  effect  of  the  ambient  water  was  considered  as  possibly  allowing  operation  at  unusually  high 
PV  conditions.  Furthermore,  the  ability  to  accept  high  wear  rates  on  the  vanes  suggested  that  very  high 
PV  conditions  might  be  acceptable  in  the  seawater  motor.  This  viewpoint  was  supported  to  some  ex¬ 
tent  by  a  study  of  the  Seawater  Vane  Pump  Program  at  NSRDC.  The  PV  conditions  had  not  been 
derived  by  NSRDC  but  sufficient  information  was  obtained  by  Westinghouse  to  show  that  this  pump 
operates  at  an  initial  PV  of  5  x  104  psi/ ft /min. 

The  candidate  material  combinations  selected  are  shown  in  Table  A-2.  In  each  case  the  same 
material  is  used  for  each  of  the  nonmetallic  parts.  The  vane/ ring  track  is,  of  course,  the  most  deman¬ 
ding  situation  and  the  selection  of  the  nonmetallic  was  made  from  consideration  of  this  area.  Schedule 
permi.ted  testing  of  only  two  baseline  combinations:  Inconel  625/Torlon  4301  (Torlon  4301  replaced 
with  Torlon  4275  during  testing)  and  Inconel  625/Metcar  271  (Metcar  side  plates  only.  Vanes  of 
Torlon  430 1 ).  Materials  were  also  procured  fc  r  three  alternate  configurations  which  may  be  regarded 
as  Candidates  3,  4,  and  5. 

The  prime  candidate  combination  (Inconel  625/Torlon  4301  or  4275)  was  selected  because  of 
its  good  comparative  rating  in  the  MT1  test  series  and  because  it  operates  at  the  lower  initial  PV  of  7  x 
10A  psi  ft/min.  The  second  candidate  combination  (Inconel  625/Metcar  271)  was  selected  primarily 
because  of  the  favorable  results  in  the  NSRDC  seawater  pump  program  with  Metcar  271.  This  com¬ 
bination  has  the  negative  feature  of  a  very  high  PV  (23  x  106  psi  ft/min).  Also,  the  graphite  base  Metcar 
271  may  have  the  ability  to  induce  galvanic  corrosion  in  the  metallic  materials,  although  it  is  believed 
that  Inconel  625  would  be  immune  to  this  type  of  corrosion.  To  some  extent  this  possibility  exists  also 
for  the  prime  candidate  combination  since  Torlon  4301  contains  12%  graphite  and  Torlon  4275  con¬ 
tains  20%  graphite.  Also,  since  Metcar  271  is  harder  than  Torlon  4301  it  may  cause  more  ring  wear. 
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Table  A-2.  Test  Configurations 
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The  following  comments  pertain  to  the  three  alternate  combinations: 

a.  Alternate  1  is  the  same  as  the  second  choice  candidate  combination  except  that  the  Inconel 
62S  ring  track  surface  is  overlayed  with  Stellite  1 56.  This  combination  duplicates  more  exactly  the  con¬ 
ditions  in  the  NSRDC  Pump  and  is  expected  to  offer  superior  performance  if  wear  of  the  Inconel  625 
ring  track  is  significant. 

b.  Ryton  R-4  (in  Alternate  2)  gave  adequate  performance  in  the  NSRDC  Pump  provided  no 
particulate  matter  was  present.  This  type  of  plastic  was  also  one  of  the  better  performers  in  the  MTI 
evaluation  (against  several  metals). 

c.  Vespel  SP-1  has  been  used  by  WEC  with  satisfactory  results  in  several  highly  loaded 
sliding  mechanisms  operating  in  seawater. 

A.5  Materials  for  Future  Consideration 

While  selecting  candidate  materials  for  the  seawater  motor,  information  has  also  been  obtained 
on  other  materials  which  for  reasons  of  availability  or  lack  of  complete  data  could  not  be  identified  as 
firm  candidates  in  this  contract,  but  which  merit  consideration  for  future  extensions  of  this  work.  The 
more  attractive  of  these  materials  are  identified  below. 

A.5. 1  Metallic  Materials 

Chromium-plated  surfaces  have  attractive  combinations  of  friction  and  wear  characteristics 
and  are  also  low  cost  and  available.  The  chromium  itself  is  also  highly  corrosion-resistant.  However, 
many  organizations,  including  WEC,  have  found  chromium  plating  to  be  unreliable  in  seawater. 
Failures  have  occurred  because  of  corrosion  of  the  substrate  material  at  discontinuities  in  the  plated 
layer.  The  fallacy  in  these  previous  applications  has  been  the  assumption  that  chromium  plating 
provides  corrosion  protection  to  the  substrate  material.  It  has,  therefore,  been  applied  to  materials 
such  as  carbon  steels,  austenitic,  and  high-strength  stainless  steels.  Although  some  stainless  steels  are 
resistant  to  corrosion  when  all  of  their  exposed  surfaces  are  in  contact  with  aerated  seawater,  they  will 
(crevice)  corrode  at  sites  such  as  are  provided  at  pores  and  fissures  in  plated  layers.  Thus,  it  appears 
that  chromium  plating,  when  intended  for  seawater  applications,  should  be  applied  only  to  the  most 
highly  corrosion-resistant  materials.  Examples  would  be  Inconel  625  and  titanium  alloys,  materials 
which  are  highly  resistant  to  crevice  corrosion.  On  the  other  hand,  these  materials  are  not  easily  elec¬ 
troplated  because  the  highly  stable  passive  oxide  films  on  their  surfaces  interfere  with  adhesion  of  the 
plating.  Recently,  specialized  procedures  have  been  developed  for  chromium  plating  these  alloys 
which  overcome  this  difficulty.  Applications  are  mainly  in  the  aerospace  industry.  WEC  has  recently 
initiated  an  R&D  program  to  investigate  the  behavior  of  these  combinations  in  seawater.  If  they  are 
shown  to  be  satisfactory  they  would  appear  to  be  logical  candidates  for  use  on  the  ring  track  of  the 
seawater  motor. 

Other  methods  for  improving  the  surface  friction  and  wear  characteristics  of  titanium  alloys 
should  also  be  investigated.  Titanium  has  relatively  poor  tribological  properties  so  that  considerable 
effort  has  been  applied  to  developing  special  surface  finishes  with  improved  galling  resistance  and  fric¬ 
tional  properties.  Several  conversion-coating  and  anodize  type  finishes  have  been  developed  and  are 
commercially  available.  Some  of  these  have  also  been  evaluated  for  seawater  applications. These 
finishes  are  also  candidates  for  the  ring-track  surface,  and  might  permit  more  extensive  use  of  titanium 
along  with  simplicity  of  manufacture. 
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A.5.2  Expendable  Type  Nonmetallic  Material* 

There  is  much  scope  for  further  experimentation  with  nonmetallic  materials,  given  the  many 
proprietary  variants  of  individual  materials  and  the  many  types  of  composites.  Two  types  of  material 
which  seem  to  be  especially  worthy  of  further  investigation  are  discussed  below. 

Ultra-high  molecular  weight  polyethylene  has  been  found  to  have  excellent  frictional  proper¬ 
ties  in  seawater  and  has  been  selected  for  use  in  critical  sliding  contact  components  on  U.S.  Navy  ships. 
We  note  also  the  good  static  and  kinetic  friction  results  shown  for  this  type  material  (in  combination 
with  metals)  in  the  MT1  Report.  The  leading  commercial  variant  (Hercules  H-1900)  has  such  low 
strength  (2000  psi)  that  it  was  thought  unsuitable  as  a  candidate  for  the  vanes  of  the  seawater  motor. 
The  strength  of  this  material  could  be  improved  by  incorporating  a  strong  reinforcing  material.  Such 
composite  materials  are  not  yet  commercially  available  but  will  probably  be  in  the  future.  A  small 
special  development  program  could  be  initiated  to  produce  vanes  for  the  seawater  motor. 

The  encouraging  results  obtained  with  the  bronze  graphite  composite  suggest  another  direction 
for  additional  experimentation.  There  are  many  types  of  such  composite  available,  made  by  different 
manufacturing  processes  and  incorporating  different  metals.  Some  additional  development  work  to 
select  the  optimum  material  is  an  area  for  useful  future  activity. 

A.5.3  Ceramics 

Ceramics  may  be  excellent  candidates  for  certain  components  of  the  seawater  motor,  notably 
for  the  ring-track  wear  surface.  Although  not  considered  in  the  current  program  for  reasons  outlined 
earlier,  it  would  be  worthwhile  to  investigate  their  use  in  a  longer  time  frame  program. 

A.6  Seawater  Vane  Pump  Under  Development  at  NSRDC  (Annapolis) 

This  pump  is  being  developed  by  the  Pollution  Control  Branch  at  NSRDC.  The  program  is 
based  on  modification  of  an  existing  pump  which  has  previously  been  used  for  fuel  oil  transfer  and  is 
supplied  by  Blackmer  Pump  Division  of  Dover  Corporation.  Pump  characteristics  are:  50-100  gpm, 
60  psi,  270  rpm,  rotor  diameter  approximately  7-1/4  in.  diameter.  Vane  dimensions  are  4-3/8  in.  x  1-5/ 
8  in.  x  7/ 16  in.  Seawater  is  not  filtered.  Original  materials  for  the  critical  vane/ ring  track  combination 
were:  melamine  asbestos  vanes  and  a  chromium  plated  track.  Problems  occurred  with  this  pump  in  less 
than  100  hours  of  operation,  caused  by  the  entrained  particulate  matter.  Some  improvement  was 
effected  by  changing  to  Ryton  R-4  vanes  and  a  Stellite  ring  track.  Later,  the  vanes  were  changed  to 
Metcar  271  (which  run  against  the  Stellite  track).  This  combination  has  run  for  200  hours  without 
problems. 
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DESIGN  OVERVIEW 

The  Preliminary  Design  for  the  seawater  motor  was  a  result  of: 

•  Concept  tradeoffs  of  vane  motor  variations  to  establish  a  conceptual  design  with  a  high 
probability  of  success  consistent  with  the  broad  specification  requirements  of  the  contract. 

•  Preliminary  analyses  and  design  iterations  to  minimize  major  problems. 

•  Selection  of  one  set  of  materials  based  on  the  preliminary  material  selection  and  loads 
identified  in  the  preliminary  analyses. 

The  conceptual  design  was  based  on  judgment  gained  from  a  strong  background  in 
hydromechanical  equipment,  as  well  as  knowledge  of  commercial  vane  motor  and  pumpdesigns.  The 
goal  was  to  define  a  motor  within  the  CEL  requitements  and  specifications  that  would  have  the  highest 
chance  of  success.  Nominal  operating  speed  and  pressure  were  kept  to  the  low  end  of  the  specification 
to  minimize  wear.  Size  was  kept  small  to  provide  a  motor  close  to  the  ultimate  design  —  a  small 
lightweight  motor  easily  handled  by  a  diver.  The  CEL  specifications  and  the  Westinghouse  design 
goals  are  summarized  in  Table  B- 1 .  These  goals  are  conservative  in  that  we  can  reduce  pressure  to  1000 
psi  and  allow  flow  and  speed  to  increase  to  7.3  gpm  and  1800  rpm  respectively  to  reach  the  minimum 
specified  power  of  3  hp. 

Having  established  the  conceptual  design  for  the  motor,  analyses  of  performance,  stress,  strain, 
and  wear  related  parameters  were  made  for  the  motor  and  its  critical  components.  Design  refinements 
and  material  iterations  resulting  from  this  analysis  led  to  the  Preliminary  Design  shown  by  Figure  B- 
I.  Design  features  of  the  motor  Preliminary  Design  are  presented  in  Table  B-2. 

This  preliminary  design  led  to  the  engineering  test  model  designs  discussed  in  Section  3  of  this 

report. 

DESIGN  ANALYSES 

Sketches  and  analyses  for  the  preliminary  design  are  included  later  in  this  Appendix.  The 
critical  components  analyzed  include  the  rotor,  shaft,  vanes,  vane  springs,  side  plates,  and  bearings.  As 
with  many  complex  devices  in  the  research  and  development  stage,  certain  areas  of  the  design  have  not 
been  analyzed  because  of  the  high  complexity  of  the  analysis  required.  These  areas  include: 

•  accurate  force  values  of  vanes,  side  plates  and  bearings  on  their  rubbing  surfaces. 

•  Wear  rates  resulting  from  rubbing  surfaces  of  vanes,  side  plates,  and  bearings. 

Final  design  as  affected  by  these  areas  is  best  addressed  by  trial  and  error  testing,  analyzing,  modifying 
and  retesting. 


Table  B-l.  Physical  and  Operational  Characteristics  for  a 
Vane  Type  Seawater  Hydraulic  Tool  Motor 


PARAMETER 

CEL 

SPECIFI¬ 

CATIONS 

(DESIRED) 

VALUE 

COMMENTS 

WEC 

DESIGN 

GOAL 

VALUE 

Power  Output  (hp) 

3  minimum 

adaptable  to  higher 
power  development 

3.8 

Speed  -  Optional  (rpm) 

1,000-15,000 

selection  depends  on 
developmental  difficulty 

1500 

Overall  Operational 

Efficiency  (%) 

70 

high  to  maintain  overall 
system  efficiencies 

70 

Absolute  Minimum 

Operational  Pressure 
(psi)  at  Full  Power 

1,000 

higher  desirable  to 
minimize  system  flow 
rates 

1500 

Maximum  Flow  Rate  (gpm) 

7-10 

low  values  desirable 
to  minimize  hose  diameter 
and  maintain  high  trans¬ 
mission  line  efficiencies 

6.2 

In-Water  Weight  (lb) 

5-15 

without  using  buoyancy 
materials 

5* 

Volume  (cu.  in.) 

10-50 

smaller  desirable  for 
ease  of  diver  handling 

20 

Maximum  Length  (in.) 

3-6 

smallest  desirable  for 
ease  of  diver  handling 

■a 

Maximum  Width  (in.) 

2-4 

smallest  desirable  to 
prevent  restriction  of 
diver  visual  field 

3.0 

Minimum  Operational 

Life  Expectancy  (hr) 

50 

50 

•Weight  would  be  about  2.5  lb  for  model  with  Titanium  6  AL-4V  in  place  of  Inconel  625. 
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Table  B-2.  Design  Features  Preliminary  Design  Seawater  Hydraulic  Motor 

•  Pressure  balanced  rotor  to  minimize  bearing  load. 

•  Pressure  and  spring  loaded  vanes  to  minimize  wear  and  leakage. 

•  Elgiloy  vane  springs  for  high  fatigue  strength  and  corrosion  resistance. 

•  Pressure  balanced  flexible  side  plates  to  minimize  leakage  and  damage  from  con¬ 
tamination,  misalignment  and  expansion. 

•  Grooved  side  plates  and  bearings  to  minimize  damage  from  contamination  and  to 
allow  adequate  cooling  flow  for  bearing  surfaces. 

•  Dirt  seals  to  partially  exclude  external  dirt. 

•  Four  inlet  and  four  outlet  ports  for  ease  of  machining  and  modification. 

•  Design  features  similar  to  those  in  presently  used  oil  hydraulic  motors,  for  high 
probability  of  success. 

•  Materials  similar  to  those  with  the  least  wear  in  recent  wear  test  in  seawater,  for 
high  probability  of  success. 

•  Small  size  per  displacement  ratio  as  a  basis  to  minimize  size  and  weight  in  future 
models. 

•  Design  goal  physical  and  operational  characteristics  are  within  desired  ranges. 
(See  Table  B-l.) 

•  Design  permits  testing  over  wide  PV  loading  range. 
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Accurate  force  values  of  vanes,  side  plates,  and  bearings  are  difficult  to  analyze  quickly  because 
of  the  complex,  transient  pressure  and  flow  fields  around  the  rotor. 

Rates  resulting  from  rubbing  surfaces  of  vanes,  side  plates,  and  bearings  depend  greatly  on 
widely  varying  stresses  and  PV  values.  Vane  tip  PV  values,  for  example,  were  calculated  to  be  7.0  x  lO6 
ft  min  based  on  initial  instantaneous  Hertz  stress.  Less  conservative  calculations  based  on  average 
stress  over  the  tip  result  in  only  0.6  x  lO11  psi  ft/ min.  These  PV  values  cannot  be  directly  compared  to 
MTl’s  steady  PV  value  of  3.3  x  106  psi  ft/ min  that  resulted  in  low  wear  rates  for  the  same  materials. 

POTENTIAL  PROBLEM  AREAS 

Potential  problem  areas  identified  in  the  Preliminary  Design  are  listed  below.  The  potential 
problem  areas  will  be  closely  watched  during  the  test  with  further  analysis  to  be  performed  on  a  case  by 
case  basis. 

1.  Uneven  wear  occurring  on  the  vanes,  side  plates,  rotor  or  ring  could  cause  pressure  un¬ 
balance  of  the  rotor.  An  oscillating  pressure  unbalance  would  occur  which  might  cause  cavitation 
between  the  shaft  bearing  surfaces,  thereby  reducing  bearing  life.  The  bearings  are  designed  to  withs¬ 
tand  steady  loads  greater  than  the  maximum  estimated  unbalance  load.  590  lb. 

2.  Uneven  wear  or  improperly  sized  V-grooves  in  the  side  plates  could  cause  excessively  high 
loads  or  inward  loads  on  the  vanes.  The  high  loads  would  result  in  excessive  vane  tip  wear,  and  inward 
loads  could  cause  vane  tip  lift-off  and  high  impact  loads  resulting  in  high  leakage  and  high  tip  wear. 

3.  Uneven  wear  or  improperly  sized  V-grooves  or  O-ring  pads  could  cause  high  unbalance 
forces  on  the  side  plates.  High  unbalance  force  on  the  side  plates  toward  the  rotor  could  prevent  the 
rotor  from  turning  and  high  unbalance  force  away  from  the  rotor  could  cause  high  leakage.  The  O-ring 
pads  were  designed  so  the  mean  force  between  the  side  plates  and  rotor  is  moderately  positive  when 
small  V-grooves  are  cut  into  the  side  plates  on  the  rotor  side.  This  force,  composed  of  pressure  forces  as 
well  as  O-ring  squeeze  forces,  varies  as  regions  between  vanes  change  pressure. 

4.  Too  much  flexibility  ol  side  plates  could  cause  excessive  side  plate  wear  in  the  region  where 
pressure  changes  between  vanes.  The  wear  is  caused  by  the  tendency  of  the  side  plates  to  flex  inward 
and  outward  in  this  region.  Excessive  wear  would  cause  increased  leakage. 

5.  The  rigid  joint  between  the  rotor  and  shaft  will  result  in  wobble  of  both  portions  of  the 
rotor-shaft  due  to  the  nonparallcl  axes  of  the  portions.  The  wobble  is  not  likely  to  be  appreciable,  but 
should  be  considered  as  a  possible  cause  of  wear  and  leakage. 

6.  Bearing  wear  from  contamination  caused  by  vane  wear  particles  is  unlikely  because  water 
used  for  bearing  lube  water  is  exposed  only  to  the  radially  inward  part  of  the  vane.  Wear  of  this  part  of 
the  vane  should  be  small  compared  to  wear  of  the  tip  of  the  vane. 

7.  Vane  wear  at  the  tip  of  the  vane  isexpcctcd  because  of  initially  high  PV  values.  7.0  x  1 0**  psi 
ft  nin.  Wear  flats  on  the  vane  tips  should  occur  where  maximum  stresses  occur,  thereby  helping  to 
reduce  the  PV  value  to  close  to  the  3.3  x  lO*  psi  ft  /  min.  a  value  that  resulted  in  low  wear  in  Mil  tests. 
Als  i  wear  tendency  is  minimized  because  wear  location  changes  on  the  tip  and  ring  surface  is  polished 
to  4  n  inch  rms. 


8.  Spring  fatigue  is  possible  because  the  maximum  spring  stress  of  94,300  psi  is  close  to  the 
fatigue  strength,  100,000  psi  at  107  cycles  for  Elgiloy  strip  in  reverse  bending.  The  spring  is  in  torsion 
and  not  reverse  bending  which  might  result  in  a  fatigue  strength  less  than  94,300  psi. 

9.  Fluid  flow  restriction  and  inertia  between  the  rotor  and  the  ring  track  is  marginally  high. 
Possible  effects  of  this  should  be  considered  during  analyses  of  test  results. 

10.  The  length  of  the  large  V-groove  should  be  analyzed  based  on  leakage  occurring  and  con¬ 
sidered  in  detail  design  changes  of  test  models. 

11.  A  method  of  polishing  the  vane  groove  and  ring  track  surface  to  4  n  inch  rms  is  yet  to  be 
devised. 

PRELIMINARY  DESIGN  SKETCHES  AND  PARTS  SPECIFICATIONS 
(See  following  pages.) 
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APPENDIX  D 


Drawing  Package 

Title  Drawing  Number 

Seawater  Hydraulic  Motor 

•  Assembly . SKD  381839 

•  Parts  List,  Sheets  1  and  2 . PL  SKD  381839 

•  Body,  Matched  Set,  Sheet  1 . SKD  381840 

•  End  Plate  and  Side  Piece,  Sheet  2 . SKD  381840 
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•  Bearing . SKB  376736 


D-l 


W*  I d  31442  5KD38I840 


APPENDIX  E 


Test  Plans  and  Setup 


Initial  Test  Approach 
Test  Specification 
Inspection  Data  Sheets 
Test  Setup  Detailed  Description 


E-1 


■** 


Initial  Test  Approach 

The  number  of  materials  selected  for  analysis  offers  many  potential  combinations  for  testing. 
From  the  list  of  candidate  materials,  we  selected  for  fabrication,  assembly,  and  test  two  baseline  con¬ 
figurations  made  up  of  the  material  combinations  judged  to  offer  the  highest  probability  of  success. 
Materials  for  three  alternates  to  the  baseline  configurations  are  on  hand,  but  schedule  and  funding 
precluded  fabrication  and  testing  of  these  alternates.  Table  E-l  presents  the  list  of  test  configurations 
and  also  includes  two  configurations  (4  and  5)  for  which  material  is  not  on  hand. 

The  basic  procedure  used  for  testing  the  baseline  configurations  is  outlined  on  the  following 
pages.  The  procedure  was  optimistically  based  on  few  problems  occurring  during  tests  and  was  intend¬ 
ed  only  as  a  basic  guideline.  The  procedure  was  modified  as  required  to  accommodate  problems, 
solutions,  limitations  of  motor  operation,  and  program  cost  and  schedule.  Synthetic  seawater  was 
used  for  the  tests. 

Test  Procedure  Outline 

1 .  Performance  test  of  Inconel  625  ring  track  and  rotor  with  Torlon4301  (or  4275)  vanes,  side 
plates,  and  bushing. 

a.  Record  critical  as-built  dimensions. 

b.  Test  for  no  load  speed  and  pressure  flow  for  speeds  increasing  to  1500  rpm  then 
decreasing  to  0  rpm.  Repeat  several  times  until  variations  in  curves  are  negligible. 

c.  Test  for  speed  and  flow  vs.  torque  at  motor  supply  pressures  of  50,  100, 250,  500,  750, 
1000,  1250,  and  1500  psig.  Obtain  increasing  and  decreasing  torque  curves  for  each  supply  pressure. 
Repeat  several  times  until  variations  in  curves  are  negligible. 

d.  Diassemble  and  inspect  parts  for  wear  patterns  and  dimensions. 

2.  Performance  test  of  Inconel  625  and  Torlon  4301  (4275)  model  with  new  vanes  and  side 
plates,  and  large  V-grooves  in  the  side  plates. 

a.  File  V-grooves  into  the  rotor  side  of  the  side  plates  at  each  end  of  the  outer  slots.  V- 
grooves  are  tetrahedron  in  shape  and  are  to  be  about  0. 15  inch  long,  0.07  inch  deep,  and  0.10  inch  wide 
at  the  slot. 

b  Same  as  in  Item  I  (a  through  d). 

3.  Performance  test  of  Inconel  625  and  Torlon  4301  (4275)  model  with  new  vanes  and  side 
plates,  and  small  V-grooves  in  the  side  plates. 

a.  File  V-grooves  in  the  side  plates  as  indicated  by  results  of  performance  tests  described 
in  Items  I  and  2. 

b.  Same  as  in  Item  I  (a  through  d). 
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4.  Life  test  of  Inconel  62S  and  Torlon  4.101  (427S)  model  with  the  best  performance. 


a.  Use  parts  from  the  previous  model  with  the  best  performance. 

b.  Test  for  speed  and  torque  vs.  time  with  supply  pressure  set  at  1 500  psi  and  flow  varied 
to  maintain  1500  rpm.  Continue  test  for  50  hours  or  until  speed  decreases  by  50%. 

c.  Disassemble  motor  and  inspect  parts  for  wear  patterns  and  dimensions. 

5.  Performance  test  of  Inconel  625  and  Metcar  M  -27 1  model  and  small  V-grooves  in  the  side 
plates  with  the  same  dimensions  as  in  Item  3. 

a.  Same  as  in  Item  3  (a  through  d) 

6.  Life  test  of  Inconel  625  and  Metcar  M-271  model  of  Item  5. 

a.  Same  as  in  Item  4  (a  through  c). 

Inspection  Data  Sheet  Test  Motor  Wear 

The  dimensions  taken  for  determining  wear  patterns  for  each  piece  will  be  the  same  as  those 
shown  on  the  test  motor  as-built  dimensions  data  sheets.  Several  readings  for  each  parameter  will  be 
made  to  show  variances  in  each  surface.  Additionally,  photographs  will  be  taken  to  show  the  wear 
patterns. 

Test  Setup  Detailed  Description 

The  test  setup  is  designed  to  provide  filterd,  artificial  seawater  under  pressure  to  the  test  motor 
with  controls,  instrumentation,  and  a  method  of  providing  a  load  to  the  shaft  of  the  motor  necessary  to 
accomplish  the  testing  as  defined  in  Westinghouse  Test  Specification  SKA  926551. 

A  schematic  diagram  of  the  test  setup  is  shown  in  Figure  E- 1 .  Table  E-2  is  the  list  of  components 
in  the  test  setup  keyed  to  the  circled  numbers  on  the  schematic.  Figure  E-2  is  a  photograph  of  the  setup 
during  testing. 

The  artificial  seawater,  mixed  with  tap  water  to  a  specific  gravity  of  1 .025,  as  per  ASTM  D- 
1141-52,  is  pumped  from  the  reservoir  through  10  micron  nominal  filters  and  the  low  pressure 
flowmeter  to  the  test  motor  by  the  motor-driven,  3-piston  pump.  The  low  pressure  plumbing  to  the 
pump  is  3/4-inch,  schedule  40,  plastic  pipe.  The  pump  has  a  constant  flow  output  of  about  6.2gpm  as 
long  as  the  pressure  set  by  the  adjustable  pressure  regulator  on  the  pump  is  not  exceeded  and  flow 
bypasses  through  the  regulator.  Maximum  output  pressure  of  the  pump  is  2000  psig. 

The  seawater  is  pumped  through  the  surge  damper,  in-line  flowmeter,  temperature  probe,  and 
manifold  to  the  test  motor.  The  high  pressure  plumbing  is  3/4-inch  stainless  steel  tubing  up  to  the 
manifold.  At  the  manifold,  the  flow  is  split  into  four,  3/ 8-inch  equal  length  tubes  connected  directly  to 
the  inlet  ports  of  the  test  motor. The  in-line  flowmeter  is  connected  to  a  Gould  Brush  2400  Recorder, 
fhe  four  outlet  ports  of  the  test  motor  have  short,  3/  8-inch  tubes  that  exhaust  directly  to  the  reservoir. 
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Table  E-2. 

I.  Synthetic  seawater 
Seawater  reservoir 

3.  Flowmeter 

4.  Seawater  pump 

5.  GN->  source 

6.  Pulsation  dampener 

7.  Seawater  sample  valve 

8.  In-Line  flowmeter 

9.  Temperature  probe 

10.  Manifold 

I I .  Test  Motor 

12.  Spectrum  analyzer 

13.  Plotter 

14.  Accelerometer 

15.  Strobe 

l<>.  Hydraulic  pump  (test  motor  load) 

I  7.  Force  transducer 

I  S.  Hydraulic  fluid  reservior 

19.  Heat  Exchanger 


Test  Setup  Parts  List 

ASTM  D- 1 141-52.  Formula  A 

Approximately  800  gallons 

Schulte  and  Koerting  Co.  0-10  gpm 

Gail  Ind.  Model  10,000,  Series  II 
0-2000  psig,  6.3  gpm 

Westinghouse  Air  Brake  Co. 

Fluid  Power  Div.  No.  PC:  162.3002 

National  Tank  Co.,  Instruments,  Inc.  Division 
Type  W3/0750 

Omega  Engineering  Inc.  0-1 10-UUA-35J3 


Abex  Corp..  Dennison  Division 
TMB004-2 1 R-4 

Lebow  Assoc.,  Inc..  Model  3397-200 
0-200  Ibf 

30  ft  of  5/8  in.  Ol).  0.06-in.  W  copper  tubing 
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Figure  E-l.  Seawater  Motor  Test  Setup 


The  test  motor  is  mounted  rigidly  in  the  test  fixture  that  also  holds  the  Dennison  Pump  (load) 
and  force  transducer.  The  output  shaft  of  the  test  motor  is  coupled  to  the  shaft  of  the  load  pump  by  a 
short  shaft  with  Magnaloy  couplings  at  each  end.  The  load  pump  is  held  in  the  fixture  by  a  bracket  that 
is  supported  in  the  main  fixture  by  ball  bearings.  These  bearings  allow  freedom  of  motion  about  the 
pump  shaft  axis  to  allow  output  torque  measurement. 

A  rigid  arm  connected  to  the  bracket  holding  the  load  pump  rests  on  the  force  transducer  which 
is  connected  to  the  Gould  Brush  2400  Recorder  and  used  to  measure  output  torque  of  the  test  motor. 
The  force  transducer  was  calibrated  statically  with  known  weights. 

The  Dennison  Pump(load  pump)  has  its  own  hydraulic  circuit  which  consists  of  a  flow  control 
valve,  filter,  heat  exchanger,  and  reservoir.  A  flow  control  valve  on  the  output  from  the  pump  is  used  to 
throttle  the  output  flow  to  produce  the  torque  load. 
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INTRODUCTION 


At  the  conclusion  of  the  Phase  I  development  program  for  the  seawater  hydraulic  motor, 
Westinghouse  proposed  a  Phase  II  program  to  improve  the  motor  design.  The  goal  of  this  program 
was  to  improve  motor  performance  and  motor  life  through  a  parametric  test  program.  Parameters  to 
be  varied  were  vane  taper,  spring  length,  flow  rate,  and  pressure.  Two  different  spring  lengths,  both  in¬ 
creased  from  the  previous  spring  length,  and  four  vane  tapers  were  planned  for  the  test  program.  The 
program  called  for  a  total  of  eight  performance  tests;  each  vane  taper  would  be  tested  with  both  spring 
lengths.  For  each  performance  test,  maximum  pressures  and  flows  would  be  varied.  The  program 
would  conclude  with  a  50-hour  life  test  for  the  most  promising  candidate. 

In  addition  to  the  parametric  test  program,  other  changes  were  also  planned.  These  included 
polishing  the  ring  track  and  lateral  rotor  surface,  deepening  the  rotor  spring  holes  to  accommodate  the 
longer  springs,  and  modifying  the  test  setup  to  increase  flow  to  the  test  motor. 

The  Phase  II  program  was  successfully  accomplished.  Funding  and  schedule  constraints 
limited  this  program,  but  results  were  favorable:  increased  motor  performance  and  increased  life. 

DESIGN  MODIFICATIONS 

1  )esign  changes  in  the  seawater  motor  components  included  modifications  to  the  springs,  rotor, 
and  vanes  plus  polishing  of  the  ring  track.  Details  are  as  follows: 

1 .  Springs  and  Rotor  The  springs  were  lengthened  and  the  rotor  spring  holes  deepened  to 
increase  minimum  spring  force  and  decrease  maximum  stress.  Two  spring  lengths,  0.69 and  0.75  inch, 
were  selected  to  test  effects  of  spring  length  on  motor  performance.  Spring  and  rotor  drawings  are 
shown  in  Figures  F-l  and  F-2. 

1.  Vanes  Stress  concentration  on  the  vanes  caused  problems  in  the  previous  stages  of 
motor  development.  To  relieve  the  stress  concentration,  the  squared  side  grooves  were  changed  to  rou¬ 
nded  side  grooves  as  shown  on  the  vane  drawing  (see  Figure  F-3),  and  the  spring  holes  were  deepened 
past  the  side  groove  so  that  the  stress  concentration  at  the  hole  corner  occurred  in  the  thicker  material. 
The  vanes  were  to  be  modified  by  changing  taper  on  the  leading  side  of  the  vane,  then  tested  to  check 
effects  on  performance.  Tapers  were  chosen  to  be  0, 0.002, 0.004,  and  0.006  inches  (sec  Figure  F-4)  a 
range  of  tapers  believed  to  be  sufficient  to  determine  an  optimum  taper  based  on  performance  tests. 

3.  Ring  Track  The  ring  track  was  smoothed  with  600-grit  emery  paper  usingdiesel  oilasa 
lubricant,  then  polished  with. semi-chrome  polish  to  decrease  friction  between  the  vanes  and  ring  track. 
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Figure  F-3.  Seawater  Motor  Vanes 


TEST  PLAN 


For  this  stage  of  the  seawater  motor  development,  performance  tests  with  varying  parameters 
and  50-hour  life  test  were  to  be  performed.  Two  different  spring  lengths  (both  increased  from  the 
previous  length)  and  the  four  vane  tapers  were  to  be  among  the  varying  parameters  for  the  perfor¬ 
mance  tests,  along  with  flow  rate  and  inlet  supply  pressure  to  the  motor.  A  performance  test  consists  of 
varying  the  flow  to  the  motor,  while  at  each  flow  changing  the  inlet  supply  pressure  from  a  minimum  to 
a  maximum.  The  minimum  supply  pressure  is  the  zero  flow  condition  and  the  maximum  pressure  is  the 
point  where  vane  is  instable,  “knocking”,  would  occur. 

Eight  performance  tests  were  planned  for  motor  optimization,  each  vane  taper  tested  with  both 
spring  lengths.  These  results  would  indicate  the  appropriate  vane  taper  and  spring  length  for  motor  op¬ 
timization.  The  50-hour  life  test  would  be  run  with  those  parameters  at  a  flow  rate  and  pressure  deliver¬ 
ing  approximately  3  horsepower  and  70%  efficiency.  Detailed  measurements  of  sideplates  and  vanes 
would  be  taken  before  and  after  the  50-hour  test. 

TEST  RESULTS 

The  results  of  the  first  performance  tests  indicated  that  the  long  springs  gave  higher  output 
power  and  performance  than  the  shorter  springs  with  the  zero  taper  vanes.  Long  springs  produced  3.40 
horsepower  with  69%  efficiency  running  at  7  gpm  and  1 200  psi  inlet  supply  pressure,  while  short 
springs  produced  2.52  hp  with  70%  efficiency  at  6.9  gpm  and  900  psi.  Insufficient  pump  pressure  caus¬ 
ed  maximum  flow  to  be  below  the  desired  7  gpm.  Higher  motor  pressures  were  prevented  by  “knock¬ 
ing”,  which  occurs  when  the  spring  force  holding  the  vanes  against  the  ring  track  is  not  sufficient  to 
compensate  for  the  water  pressure  pushing  the  vanes  back  into  the  rotor  slots. 

The  second  set  of  performance  tests  were  done  with  the  0.002  inch  taper  on  the  leading  vane 
side.  One  vane  was  tapered  the  wrong  way,  i.e.,  narrow  at  he  base  and  wide  at  the  tip.  These  results 
yielded  a  poorer  performance  for  the  motor.  In  this  case  the  long  springs  produced  1 .59  hp  with  6 1  %  ef¬ 
ficiency  at  5  gpm  and  900  psi,  while  the  short  springs  produced  1 . 1 3  hp  with  65%  efficiency  at  5  gpm 
and  600  psi.  Higher  pressures  could  not  be  reached  due  to  knocking. 

After  each  performance  test,  the  motor  was  disassembled  to  check  vane  and  spring  conditions. 
No  unexpected  wear  patterns  occurred.  However,  in  each  case  there  were  a  number  of  broken  springs. 
Previous  testing  of  the  seawater  motor  resulted  in  Elgiloy  springs*  breaking  after  six  hours  running 
time.  For  this  phase,  Elgiloy  springs  were  not  available,  therefore  17-7PH  stainless  steel  springs  were 
used.  The  mechanical  properties  of  these  two  materials  vary  only  slightly,  with  the  Elgiloy  being  more 
corrosive  resistant  and  having  a  slightly  higher  strength.  Springs  were  expected  to  break  somewhat 
sooner  with  the  17-7PH  material  substituting  for  Elgiloy;  however,  the  performance  tests  with  1 7-7PH 
springs  resulted  in  broken  springs  after  only  20  minutes  running  time.  An  investigation  into  the  un¬ 
usually  short  spring  life  uncovered  a  machining  error:  the  spring  holes  in  the  rotor  were  not  aligned 
with  the  holes  in  the  vanes.  Remachining  of  the  rotor  holes  corrected  the  error. 

Funding  and  schedule  limitations  following  the  rotor  rework  resulted  in  curtailment  of  the  ad¬ 
ditional  vane-taper  parametric  tests.  We  moved  directly  to  the  50-hour  test  preparation.  Based  on 
previous  test  results,  we  selected  the  long  spring,  zero  vane  taper  configuration  for  this  test. 

Before  the  50-hour  test,  several  performance  tests  were  run  to  check  the  motor's  output.  Three 
h  orsepower  was  attained  at  74%  efficiency  f rom  7  gpm  and  1 000  psi .  The  goal  for  the  life  test  was  to  run 
tiie  motor  for  50  hours  at  3  horsepower;  the  flow  and  the  pressure,  therefore,  were  held  to  7  gpm  and 
1000  psi  respectively. 
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The  50-hour  test  was  run  over  a  ten-day  period  (with  shutdowns  each  night)  from  February  29 
through  March  9.  The  first  day  allowed  for  only  three  hours  running  time  due  to  spring  force  problems 
and  frozen  water  in  two  short  sections  of  the  umbilical  hose  which  were  external  to  the  plant.  Investiga¬ 
tion  showed  that  the  spring  holes  in  the  rotor  were  drilled  deeper  than  planned  causing  the  long  springs 
to  be  too  short  for  high  pressures.  Glass  beads  of  0. 12  in.  diameter  were  placed  behind  each  spring  to 
increase  spring  force.  The  motor  was  idle  over  the  weekend,  but  run  for  5-1/2  hours  Monday,  March  3. 
Again  below  freezing  temperatures  froz.e  the  water  in  the  hose  causing  delays  for  thawing.  Tuesday, 
March  4  the  motor  ran  for  8  hours,  8-1  /2  on  Wednesday,  and  10 hours  on  Thursday  and  Friday.com- 
pleting  the  50-hour  test  with  5  hours  on  Sunday,  March  9.  Motor  performance  for  this  50-hour  life  test 
is  shown  in  Figures  F-5  through  F-7. 

Observations  during  and  after  the  50  hour  test  may  explain  part  of  the  decrease  in  performance: 

1 .  Supply  water  temperature  varied  from  approximately  50°  F  to  a  high  of  109° F.  Operating 
at  high  water  temperature  can  cause  decreases  in  performance  and  life.  The  water  viscosity  is  lower  at 
higher  temperatures,  resulting  in  more  leakage  friction  and  vane  wear.  Also  axial  thermal  expansion  of 
vanes  causes  larger  friction  loss  and  larger  gaps  between  the  rotor  and  side  plates. 

2.  After  several  hours  of  running,  there  was  an  increase  in  water  leakage  around  the  bearings. 
This  could  be  caused  by  the  O-ring  seals'  flattening  and  not  filling  the  groove. 

3.  Measurements  taken  after  disassembly  indicated  that  the  vanes  had  absorbed  moisture  due 
to  the  high  temperature  water.  The  vane  swelling  would  cause  the  side  plates  to  be  pushed  away  from 
the  ring  track  seal,  also  allowing  higher  leakage  through  the  bearings.  The  swelled  vanes  also  explains 
the  increased  tightness  of  the  shaft  noted  near  the  end  of  the  test. 

4.  Further  vane  examination  pointed  out  the  nonuniform  wear  of  the  Torlon.  The  vanes  with 
a  uniform  graphite  content  were  more  wear  resistant  than  those  vanes  with  marbled  pattern  of 
graphite. 

The  motor  ran  for  50  hours  on  one  set  of  17-7  PH  stainless  steel  springs,  surpassing  the 
calculated  spring  life.  Spring  hole  alignment  and  fresh  water  contributed  to  the  prolonged  spring  life. 
One  spring  was  discovered  broken  at  disassembly.  It  was  believed  to  have  broken  at  that  time  since  no 
knocking  occurred  while  running  and  because  it  occurred  cleanly  in  a  highly  worn  area.  When  a  spring 
breaks  while  running,  it  becomes  twisted  in  on  itself.  The  broken  spring  from  the  life  test  was  not 
twisted  at  all. 

CONCLUSIONS 

i 

The  purpose  of  the  parametric  test  analysis  was  to  test  design  changes  for  motor  optimizaton 
and  run  it  at  those  conditions  producing  3  hp  and  70%  efficiency  for  50  hours.  These  terms  were  essen¬ 
tially  met  with  satisfactory  results.  No  spring  failure  occurred  while  running  after  the  spring  holes  were 
aligned.  Moreover,  new  vane  grooves  producing  lower  stress  concentration  prevented  vane  failure.  It 
is  felt  that  the  seawater  motor  worked  harder  than  required  due  to  the  high  water  temperatures,  in¬ 
dicating  this  to  be  a  good  life  test. 

For  further  efforts,  longer  springs  are  recommended,  along  with  better  quality  control  on  the 
Torlon  to  attain  more  uniform  grain.  When  improving  the  finish  on  the  ring  track,  simply  smoothing  it 
with  600  grit  emery  paper  and  diesel  oil  is  sufficient;  polishing  with  semi  chrome  polish  leaves  particles 
embedded  in  the  ring  track.  These  eventually  become  embedded  in  the  vanes. 
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Figure  F-5.  Seawater  Motor  Horsepower  and  Efficiency  50-Hour  Test 
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Figure  F-7.  50-Hour  Test  (Hours  35  to  45)  Friday,  March  7,  1980 


